Clemson University

TigerPrints
All Dissertations

Dissertations

5-2012

Specification of the neural crest-derived pharyngeal
mesenchyme: The role of pharyngeal endoderm,
FGF and BMP signaling in the establishment of
prechondrogenic identity and initiation of
chondrogenesis.
Megha Kumar
Clemson University, meghak@g.clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations
Part of the Developmental Biology Commons
Recommended Citation
Kumar, Megha, "Specification of the neural crest-derived pharyngeal mesenchyme: The role of pharyngeal endoderm, FGF and BMP
signaling in the establishment of prechondrogenic identity and initiation of chondrogenesis." (2012). All Dissertations. 896.
https://tigerprints.clemson.edu/all_dissertations/896

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by
an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

SPECIFICATION OF THE NEURAL CREST DERIVED PHARYNGEAL
MESENCHYME: THE ROLE OF PHARYNGEAL ENDODERM, FGF
AND BMP SIGNALING IN THE ESTABLISHMENT OF
PRECHONDROGENIC IDENTITY AND
INITIATION OF CHONDROGENESIS

A Thesis
Presented to
the Graduate School of
Clemson University
In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Biological Sciences

by
Megha Kumar
May 2012

Accepted by:
Susan C. Chapman, Committee Chair
Charles D. Rice
Kimberly S. Paul
Tamara L. McNealy

ABSTRACT
This study investigates the role of pharyngeal endoderm in the specification of
prechondrogenic identity and initiation of chondrogenesis in the proximal mesenchyme
of the second pharyngeal arch. The results show that pharyngeal endoderm is sufficient
but not necessary for specification of prechondrogenic identity in the cranial neural crest
derived arch mesenchyme. A number of Fgf genes - Fgf3, 4, 8 and 19 are expressed in
the pharyngeal endoderm. Further, FGF signaling is sufficient and required for the
specification of prechondrogenic identity, marked by Sox9 expression. However, FGF
signaling is unable to maintain the Sox9 expression and initiate the chondrogenic
program. In contrast, BMP signaling can induce and maintain Sox9 expression in the arch
mesenchyme. However, a combination of FGF and BMP signaling is required to initiate
chondrogenesis, marked by Col2a1 expression.
Additionally, this study reports the cloning and gene expression patterns of
previously uncharacterized Fgf genes - Fgf5, 6 and 7 during early development in chick.
Fgf5 is expressed in the nascent otic placode, dorsal neural tube and the developing otic
cup, which gives rise to the inner ear, suggesting the potential role of Fgf5 in the
development of inner ear. Fgf6 expression is detected in the head, pharyngeal and
visceral mesoderm. Fgf7 is expressed in the mesoderm but is excluded from the
pharyngeal arches.
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CHAPTER 1
INTRODUCTION
The focus of this doctoral research is to understand the mechanism of
specification of cranial neural crest derived mesenchyme, which gives rise to the
skeletal elements in the pharyngeal arch region. The study investigates the role of
pharyngeal endoderm and the nature of signals originating from the pharyngeal
endoderm in the specification of prechondrogenic identity and induction of the
chondrogenesis in the proximal mesenchyme of the second pharyngeal arch.

The proximal mesenchyme in the second arch is derived from cranial neural crest.
The neural crest cells possess some patterning information, migrate to the destined
location and form the skeletogenic mesenchyme in that region. Tissues such as the
pharyngeal endoderm, head mesoderm, and surface ectoderm also influence the neural
crest derived mesenchyme (Couly et al., 2002). Fate mapping of the foregut endoderm
shows that pharyngeal endoderm is required for specification of the identity of the neural
crest derived cartilage elements in that region. The ectoderm or mesoderm cannot impart
such patterning information to the mesenchyme in the second arch (Couly et al., 2002).
However, in this study, Couly and his colleagues investigated the cartilage development
at embryonic day (E) 8 and beyond. The process of condensation, specification of
prechondrogenic identity, and initiation of chondrogenesis was therefore not addressed.
In this study, I demonstrate the role of pharyngeal endoderm in the establishment of

prechondrogenic identity and initiation of the chondrogenic program in the second
pharyngeal arch.
The introduction reviews various aspects of specification, patterning, and
development of cranial neural crest derived arch mesenchyme, which later gives rise to
different skeletal elements of pharyngeal arch region. The introduction is divided into
different sections to address each of these developmental events.
In section 1, the origin and structure of pharyngeal arches in the developing chick
embryo is discussed. The various tissue types present in the second pharyngeal arch have
been explained in detail. Specifically, the role of endoderm as an organizer and signaling
center during the development of pharyngeal arch derived structures has been addressed.
The focus of section 2 is neural crest. The origin of neural crest and migration of these
cells are discussed in the first part of this section. Skeletal elements (cartilage) and other
derivatives of the neural crest are described later in this section. The process of
skeletogenesis with emphasis on the mechanism of endochondral ossification is discussed
in section 3. In addition to neural crest derived mesenchyme, this section also addresses
the origin and development of the otic capsule and the middle ear (columella). Further,
the molecular mechanisms known to play a role in the specification and patterning of the
skeletal elements in the pharyngeal arch region are described. Here, the role of homeobox
(Hox) genes, prechondrogenic markers and chondrocyte specific genes such as Sox9 and
Col2a1 are addressed. The aim of section 4 is to illustrate the role of known signaling
pathways that play a role in craniofacial development such as signaling by Fibroblast
Growth Factors (FGFs) and Bone Morphogenetic Proteins (BMPs) family members. The
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ligands (FGFs, BMPs), the receptors and the downstream signaling cascade for each of
these signaling molecules along with the role of these signaling pathways during
morphogenesis of the head are described in detail.
The last section pertains to the expression patterns and functional role of Fgf5, 6
and 7 during mouse development. The expression patterns of Fgf5 and 6 have not
analyzed in chick, which may be suggestive of the functional role of these genes across
the other vertebrate taxa.

3

1. Morphology of the pharyngeal arches
1.1 Origin of pharyngeal arches
During development, paired lateral pouches develop in the pharyngeal region.
Thus, the pharyngeal region has a segmented origin. The pharyngeal pouches appear as
bulges within the endoderm, which push out to lie in close apposition to the ectoderm.
Later, the pouches expand in the proximo-distal axis to form distinct pharyngeal arches
(Graham, 2003). The arches give rise to several structures such as the lower face,
pharynx, outer and middle ear (Trokovic et al., 2002; Graham, 2003).

1.2 Tissue types in the pharyngeal arches
Each of the pharyngeal pouches consists of an outer layer of surface ectoderm, an
inner lining of endoderm, and a mesodermal core, which consists of both the neural crest
derived mesenchyme and head mesoderm (Fig. 1) (Trokovic et al., 2002). At the
pharyngeal groove, the ectoderm and endoderm lie in close apposition (Graham and
Smith, 2001). In the pharyngeal arch, the ectoderm gives rise to the epidermis, neurons
and the ganglia. The epithelial cells of the pharynx and the endocrine glands in this
region (thyroid, parathyroid and thymus) are derived from endoderm. The mesoderm
forms the muscles and endothelial cells of the blood vessels in the arch. Thus, the
development of the pharyngeal arches is complex with different populations of cells
interacting spatio-temporally in a highly coordinated and regulated manner (Graham and
Smith, 2001).
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Figure 1: Diagrammatic representation of transverse section through the
second pharyngeal arch.
The different tissues shown are: ectoderm (green), endoderm (red), mesoderm
(blue) and neural crest (orange).
Abbreviations: HB - hindbrain, OV – otic vesicle, N – notochord.
(Image from Graham and Smith, 2001).

1.3 Development of the pharyngeal arches
Development of pharyngeal arches is essential to understand the basis of many
human congenital defects and syndromes such as DiGeorge syndrome and Treacher
Collins syndrome. Studies indicate that these syndromes are associated with defective
development of the pharyngeal endodermal pouches and mesoderm (Graham, 2003).
Interestingly, although cranial neural crest gives rise to a major part of the
pharyngeal arch mesenchyme, the arches form even in the absence of contributions from
the neural crest, suggesting that both neural crest derived and neural crest independent
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cues are required for the induction, specification, and patterning of the arches (Fig. 2)
(Graham and Smith, 2001). Further, expression of the molecular markers for
establishment of regional identity such as Bmp7, Fgf8, Sonic hedgehog (Shh) and Paired
box 1 (Pax1) does not change in the absence of neural crest cells and the arches still
possess regional identity, suggesting that the establishment of proximo-distal and anteroposterior axes in the arches is independent of the neural crest (Graham and Smith, 2001).
The role of neural crest in the development of arches is discussed in section 2 in greater
detail. The role of pharyngeal endoderm as an organizer and signaling center for proper
development of the pharyngeal arches is discussed in the next section.

Figure 2: Patterning of the pharyngeal arches is dependent on both
neural crest and neural crest independent cues.
The patterning of the second arch involves neural crest contribution from
rhombomere 4 (red) and pharyngeal pouches 1 and 2 (light and dark blue
respectively).
(Image from Graham and Smith, 2001).
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1.31

Role of pharyngeal endoderm as an organizer and signaling center
The neural crest cells are not the only source of patterning information. A series

of intricate tissue recombination experiments done by Le Douarin and colleagues have
provided valuable insights to the role of neural crest independent cues in craniofacial
development (Creuzet et al., 2005). When neural crest cells fated to migrate into first
pharyngeal arch are transplanted posteriorly in the second arch, these cells form the
second arch skeletal elements such as the hyoid skeleton (Creuzet et al., 2005).
Factors such as migration of the neural crest cells, head flexure, and neurulation
also influence the displacement of cells. In addition, epithelium (surface, neural ectoderm
and endoderm) also plays an important role in patterning of arch specific structures
(Helms et al., 2005 ). Specific regions of the endoderm are required for the development
of different skeletal elements such as Meckel’s cartilage, articular and hyoid cartilage.
Specific strips of quail endoderm when applied in the host chick embryo, resulted in
duplication of the corresponding skeletal elements in the arches (Fig. 3). The extra
cartilage elements were made up of chick (host) cells, suggesting that the host neural
crest cells were induced by the grafted quail endoderm (Douarin et al., 2004; Helms,
2005). Conversely, the removal of specific stripes of foregut endoderm tissue prevents
the skeletogenic development in the adjacent neural crest derived mesenchyme in chick.
The specific, defined regions of the endoderm induce the formation of specific cartilages
(Fig. 3). Thus, the endoderm has an important role in patterning regional skeletal
elements (Ruhin et al., 2003) (Santagati and Rijli, 2003).
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Figure 3: Role of pharyngeal endoderm in the patterning of pharyngeal arch
derived skeletal elements.
A- Unilateral extirpation of foregut endoderm I-IV (yellow) in chick.
B - ablation of foregut endoderm results in absence of Meckel’s cartilage analyzed at
E9.
C - higher magnification image of B, dotted line shows the absence of Meckel’s
cartilage (Mc).
D - Addition of endodermal tissue stripe II (yellow) in chick.
E – Addition of foregut endoderm results in supernumerary mandibular elements
(Mc2) in between the upper and lower jaw (Mc1) analyzed at E9.
A1 – host articular, Hc – Hyoid cartilage, Mc1 – host Meckel’s cartilage, Na.Ca –
nasal capsule, Q1- host quadrate.
(Image from Cruezet et al., 2005).
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Mutant studies in zebrafish also show that the endoderm is required for
chondrogenesis in the neural crest derived mesenchyme. The mutant zebrafish Van gogh
lacks endodermal gill slits, which results in abnormal migration of the neural crest cells
and thus, these cells do not form the proper viscerocranium. Further, the development of
the head skeleton in these mutant fish could be rescued by grafting endodermal tissue
from wild type embryos. These studies provide further evidence that the endoderm is
crucial for patterning the facial region across vertebrates (Cruezet et al., 2002b).

1.4 Pharyngeal arch derivatives
Although all the arches consist of an outer ectoderm, inner lining of endoderm,
and a mesodermal core, which consists of both head mesoderm and cranial neural crestderived mesoderm, each arch forms a distinct structure in the embryo. The first arch gives
rise to the maxillary and mandibular bones, which form the upper and lower jaw
respectively (Fig. 4) (Graham, 2003). The second arch forms the hyoid apparatus and the
middle ear bone, known as the columella in chick (Fig. 4). The more caudal arches
constitute a part of the pharynx. The pharyngeal region also gives rise to thymus and
endocrine structures such as thyroid and parathyroid (Graham, 2003) (Grevellec and
Tucker, 2010).
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Figure 4: Pharyngeal arch mesenchyme gives rise to specific craniofacial
skeletal elements in chick.
The skeletal elements derived from second arch include retroarticular process,
columella (middle ear), basihyoid and ceratobranchial elements (tongue skeleton).
(Image from Chambers and McGonnell, 2002).

2. What is neural crest?
2.1 Origin of neural crest
A population of cells referred to as the neural crest, also considered as a fourth
germ layer, plays a major role in embryonic development (Hall, 2008). Neural crest
contributes to development of many different organs and tissues in a developing embryo.
The cranial neural crest constitutes a heterogeneous population of cells, which
arise from the dorsal part of the neural tube and migrate into different regions of the
embryo to form numerous structures (Fig. 5) (Creuzet, 2002b; Dupin, 2010).
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2.2 Derivatives of neural crest
The neural crest is migratory in nature, which gives rise to a diverse range of
structures. The cranial neural crest gives rise to facial and visceral skeleton, dentine,
hyoid cartilage and frontal, parietal and occipital bones of the skull. In contrast to cranial
neural crest, the trunk neural crest does not give rise to the mesenchymal derivatives such
as the skeleton (Creuzet, 2002b; Dupin, 2010). Cardiac neural crest refers to the cells,
which arise from the caudal rhombomeres and contribute to the developing heart. The
vagal neural crest, region defined between the somites 1-7, gives rise to the enteric
ganglia. Neural crest from the region of somites 17-24 forms the adrenal medulla and
sympathetic ganglia (Fig. 5, right). The sensory receptors cells in the skin are also
derived from neural crest (Douarin et al., 2004).
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Figure 5: Origin and migratory pathways of neural crest in chick embryo.
Left: The origin of neural crest cells from the dorsal neural tube.
Right: Neural crest is divided into four sub-regions based on the migration pathway and
the fate adopted by the neural crest derived cells: Cranial, vagal, trunk and lumbosacral
neural crest. Vagal and lumbosacral crest cells populate the enteric nervous system.
(Images from www.wikis.lib.ncsu.edu and Dyer, 2004 respectively).
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2.3 Migration of neural crest
The neural crest cells delaminate from the neuroepithelium of the neural tube and
become migratory. The neural crest cells migrate ventrally in definitive pathways to
reach their final target site. The cranial neural crest cells from the segmented hindbrain
region, called rhombomeres, migrate to the pharyngeal arches in three distinct streams
(Fig. 6). Neural crest cells from the caudal midbrain and rhombomeres 1 and 2 populate
the first pharyngeal arch. Neural crest cells originating from rhombomere 4 populate the
second pharyngeal arch. The majority of the crest cells from rhombomere 3 and 5
undergo apoptosis, although some cells contribute to the second arch (Wood et al., 2010).
The caudal arches are populated by cells from the third stream of neural crest of
rhombomere 6 and 7 (Fig. 6) (Graham, 2003). FGF and Ephrin signaling play an
important role in guiding the neural crest cells into the correct arches. (Trokovic et al.,
2002).
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Figure 6: Schematic representation of the migration pathways of
different populations of cranial neural crest into the pharyngeal arches.
Neural crest cells from rhombomere 1 and 2 populate the first arch and cells
from rhombomere 4 migrate into the second arch. The third and fourth
arches are populated by rhombomere 6 and 7 respectively.
(Image from Guthrie, 2007).

2.4 Cranial neural crest gives rise to skeletogenic mesenchyme
In craniates, the neural crest derived mesenchyme forms the skeletogenic tissue of
the head (Graham and Smith, 2001). Mesenchyme refers to the population of scattered
stellate cells surrounded by a loose, undefined extracellular matrix, which forms
fibroblasts, smooth muscle, and skeletal tissues in the embryo.
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The neural crest cells possess some degree of patterning information during
craniofacial morphogenesis. In a duck-quail chimeric embryo (duail), the first arch
skeletal elements are morphologically more similar to the normal duck (donor) skeletal
elements as compared to quail (host). In the converse experiment, chimeric quail-duck
(quck) embryos show morphological similarity to quail (donor) skeletal elements
(Douarin et al., 2004).
However, it is now well established that the neural crest cells possess some
patterning information and that tissues such as the pharyngeal endoderm, head
mesoderm, and surface ectoderm also influence the neural crest derived mesenchyme
(Couly et al., 2002). In this study, Couly and his colleagues fate mapped the foregut
endoderm and showed that pharyngeal endoderm is required for specification of the
identity of the neural crest derived cartilage elements in that region. Further, ectoderm or
mesoderm could not impart such patterning information to the mesenchyme (Couly et al.,
2002). However, this study investigated the cartilage development at embryonic day (E) 8
and beyond and so the process of condensation, pre-chondrogenesis, and initiation of
chondrogenesis was not addressed (Fig. 3).
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3. Skeletogenesis
In vertebrates, bone and cartilage are referred to as skeletal tissues, whereas
dentine and enamel constitute the dental tissues. Bone (osseous tissue) is characterized by
the presence of mineralized extracellular matrix surrounding the cells and vasculature. In
contrast, cartilage is avascular, with cells embedded in an extracellular matrix (composed
of chondroitin sulfate and proteoglycans), that may or may not be mineralized depending
on the type of cartilage (Hall, 2005).

3.1 Endochondral ossification
During development, bone is formed by two ways - intramembraneous
ossification and endochondral ossification. Intramembraneous ossification involves direct
formation of bone with no intermediate cartilage phase. In contrast, the endochondral
mode of bone formation is characterized by the establishment of a cartilaginous element
before the formation of bone (Fig. 7). Thus, the formation of cartilage (chondrogenesis)
is a key step in endochondral ossification. Chondrogenesis is a multi-step differentiation
process that leads to the formation of persistent cartilage or transient cartilage during
endochondral bone formation. This well-coordinated process occurs during the
development of the embryonic skeleton and in the adult, during the repair of fractures
(Miyake and Hall, 2000).
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3.1.1 Origin and mechanism of endochondral ossification
During endochondral ossification, the post-migratory mesenchymal chondrocyte
precursor cells undergo a series of differentiation events to form cartilage and later, bone.
The morphogenesis of the skeletal elements is a result of a bidirectional cross talk
between the mesenchyme and the adjacent epithelium, commonly referred to as an
epithelial-mesenchymal interaction (Fig. 7). This phenomenon has been fairly well
studied during tooth development where signals from the epithelium induce a local
response in the underlying mesenchyme. The signals from the epithelium are required to
determine the position and orientation of the mesenchymal derived structure. The
mesenchyme undergoes a differentiation and signals back to the epithelium, leading to
the morphogenetic process (Santagati and Rijli, 2003).
The process of chondrogenesis is initiated by the recruitment of mesenchymal
progenitor cells followed by proliferation and condensation at the target site. The
condensing mesenchyme forms an anlage for the endochondral skeletal elements. The
condensation thus leads to the formation of a chondrogenic primordium. Through a series
of differentiation and proliferation events, these chondrogenic progenitor cells give rise to
chondrocytes, that undergo further differentiation to give rise to pre-hypertrophic
chondrocytes, which later undergo hypertrophy (Fig. 7). Finally, osteoblasts invade the
site after the mineralized extracellular matrix has been laid down by the hypertrophic
chondrocytes, and blood vessels invade to vascularize the newly formed tissue (Miyake
and Hall, 2000).
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Figure 7: The development of skeletal elements during endochondral ossification.
The skeletal progenitor cells (green) migrate to the destined region. The progenitor cells
interact with the epithelial cells (pink). This interaction results in the condensation (yellow)
of cells. The condensing cells undergo differentiation to form chondrocytes (blue).
(Image from Miyake and Hall, 2000).

3.1.2 Endochondral ossification in the head
Endochondral ossification gives rise to many skeletal elements in the head. These
skeletal elements protect the brain and sensory organs in the head. The neural crest
contributes to the facial and visceral skeleton, in addition to the roof of the skull (Couly
et al., 1993 ). The middle ear bone in chick, the columella is also a neural crest derived
structure. The otic capsule has a complex origin, with contributions from the first somite,
paraxial mesoderm and neural crest, all of which cooperate to give rise to the pro-otic
process, near the squamosal bone (Couly et al., 1993 ).
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3.2 Specification of cranial neural crest derived pharyngeal mesenchyme
Neural crest-derived mesenchyme in the pharyngeal arches undergoes
proliferation and differentiation events to form the skeletal elements in that region
(Cruezet et al. 2005). The role of pharyngeal endoderm in the development of these
skeletal elements has been established (Creuzet et al., 2005). However, the role of
pharyngeal endoderm and the nature of signaling factors arising from this tissue has not
been addressed in the context of individual differentiation processes such as specification,
condensation of the mesenchyme, and the induction of chondrogenesis, which form an
indispensible part of the process of endochondral ossification.

3.2.1 Skeletogenic domain of the neural crest
During early stages of development, the midbrain and hindbrain acquire anteroposterior identity and the hindbrain undergoes segmentation to form segmented regions
called rhombomeres (Fig. 8). The skeletogenic domain of the neural crest extends from
the diencephalon to hindbrain (rhombomere 8). This domain can be further divided into
two distinct regions based on the expression patterns of the Hox genes. The anterior
domain lacks Hox gene expression and the cranial neural crest cells originating from this
region (rhombomere 1 and 2) migrate into the first pharyngeal arch, giving rise to the
nasal capsule, maxillary bone, lower jaw and rostral part of the basihyal, and entoglossum
(Couly et al., 2002) (Cruezet et al., 2002b) (Ruhin et al., 2003). The posterior domain
shows Hox gene expression and gives rise to rest of the hyoid skeleton. Specifically, the
neural crest cells from rhombomere 4 migrate into the second pharyngeal arch, which
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gives rise to the columella, posterior basihyoid, and ceratobranchial elements (Fig. 8)
(Ruhin et al., 2003).

Figure 8: Hox gene expression pattern in the craniofacial region.
Hox negative domain (red) gives rise to cartilage, endochondral and dermal
bones of the upper face and jaw. Hox expressing domain (blue) gives rise to
cartilage and endochondral elements of the hyoid skeleton.
(Image from Le Douarin et al., 2004).

3.22 Regulation of chondrogenesis: molecular mechanism
Chondrogenesis is a complex process involving a series of highly regulated
cellular events - condensation of mesenchymal progenitor cells and their subsequent
differentiation into chondrocytes (DeLise et al., 2000). Many transcription factors play an
important role in the skeletogenic program. The cranial skeletogenic mesenchyme
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express Sox9 and Collagen type II a 1 (Col2a1) before the onset of overt chondrogenesis
and expression of Runt-related transcription factor 2 (Runx2), member of the RUNX
family, which is a important mediator of osteoblast differentiation (DeLise et al., 2000).
Sox9 is a key mediator in the skeletogenic program. Haploinsufficiency of this
gene results in the development of abnormal cartilaginous elements and craniofacial
structures. Also, ectopic expression of Sox9 results in the formation of cartilage nodules
in the head (DeLise et al., 2000; Eames et al., 2004). Col2a1 is a major chondrocyte
specific gene and Sox9 expression typically precedes Col2a1 expression in the
chondrogenic cells. In vitro studies showed that Sox9 binds to the enhancer region of the
Col2a1 gene and regulates chondrocyte specific gene expression (DeLise et al., 2000).
During development, Sox9 is expressed in the cranial neural crest until HH12
(Hamburger and Hamilton, 1951). High levels of Sox9 are maintained in the neural crest
cells that initiate chondrogenesis; while other cells down-regulate Sox9 expression
(Eames et al., 2004). According to this model, the unspecified mesenchymal cell can
adopt one of three fates in response to Sox9 and Runx2. In the first case, at low levels of
Runx2, Sox9 expression promotes the chondroblast fate, forming persistent cartilage. In
the second case, at low levels of Sox9, Runx2 promotes osteoblast fate. A third
intermediate state may also occur where expression of both Sox9 and Runx2 promote the
chondroblast fate.
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4. Role of signaling pathways in craniofacial development
The nature and regulation of developmental events, which lead to morphogenesis
of the cranial structures is a complex interplay of cellular interactions between different
tissue types. This process involves many different signaling pathways involving secreted
signaling factors such as FGFs, BMPs and WNTs.

4.1 FGF signaling
Fibroblast growth factor (FGF) signaling is required for proliferation, migration,
and differentiation of various cell types during development (Itoh and Ornitz, 2008). In
vertebrates, 22 FGF family members have been identified so far and are grouped into
seven subfamilies, according to their homology and function; Fgf1/2, Fgf4/5/6,
Fgf3/7/10/22, Fgf8/17/18, Fgf9/16/20, Fgf11/12/13/14 and Fgf15/19/21/23 (Fig. 9) (Itoh
and Ornitz, 2008) (Dorey and Amaya, 2010) (Itoh and Ornitz, 2011).
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Figure 9: Evolutionary relationships in Fgf gene family members.
The Fgf family members are subdivided into 7 subfamilies. Branch length in the tree
corresponds to the evolutionary distance between each gene.
(Image from Itoh and Ornitz, 2010).

The majority of the FGFs are secreted signaling factors, however, some FGFs
such as FGF11 and FGF14 have poor or no secretion signal domains and remain in the
nucleus or cytoplasm of the cell. In such cases, the FGFs function act through
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intracellular protein targets (Goldfarb, 2001) (Degnin et al., 2010). In broader terms,
FGFs can be grouped into three subfamilies as described below –

FGF subfamily

Members

Canonical FGFs

FGF1-10, FGF16-18, FGF20 and
FGF22

Hormone like FGFs

FGF15/19, 21 and 23

Intracellular FGFs

FGF11-14

Table 1: Classification of FGFs according to function.

4.1.1 Structure of FGFs and receptors
FGFs were first identified as mitogens of fibroblasts in in vitro studies. FGFs
activate signal transduction by the FGF receptors (Slack, 2006). The FGF family
members share a common core domain of 120-140 amino acid residues and show strong
affinity for heparan sulfate (Fig. 10a). FGF receptors (FGFRs) are members of the
tyrosine kinase family and are encoded by four FgfR genes – FgfR1, 2, 3 and 4. The
receptors contain an extracellular ligand binding domain, a transmembrane and the
intracellular signaling domain (Fig. 10a) (Goldfarb, 2001). The extracellular ligand
binding domain consists of three immunoglobulin-like domains I, II and III. FgfR1-3
genes encode two different isoforms of domain III, generating isoforms IIIb and IIIc,
which are expressed in epithelial and mesenchymal tissues respectively (Fig.10b, c) (Itoh
and Ornitz, 2008).
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Figure 10: Diagrammatic representation of FGFs, FGF receptors and
mechanism of receptor splicing and specificity.
a – Structure of FGF ligand binding to the receptor (FGFR). The FGFR consists of
immunoglobulin-like domains (IgI, II and III) and tyrosine kinase (TK) domain.
b – Generation of two isoforms IIIb and IIIc by the alternative splicing of the FgfR
mRNA.
c – Preferential binding of various FGF ligands to IIIb and IIIc isoforms of FGFR2.
(Image from Turner and Grose, 2010).
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4.1.2 Mechanism of FGF signaling
The FGF ligand binds to heparin sulfate and the receptor, leading to formation of
receptor dimers. The dimer formation leads to autophosphorylation and activation of
extracellular kinase signal transduction pathways such as Phospholipase C (PLC-γ), RasMitogen Activated Protein Kinase (MAPK) and Phosphatidylinositol-3 (PI-3) Kinase
pathway (Slack, 2006). The downstream effect of FGF signaling is dependent on the cell
type. For example, FGF signaling leads to phosphorylation of protein tyrosine kinases Shc and Src proteins in some cells but activation of FGFR3 activates the Signal
Transducer and Activator of Transcription (STAT)-p21 pathway in chondrocytes (Su et
al., 2008). FGF signaling is regulated by the spatiotemporal expression of FGF ligands
and the FGFRs. Further, alternative splicing of the FGFR mRNA results in tissue specific
isoforms (Fig. 10b, c) (Ornitz and Marie, 2002). Genetic studies in different vertebrate
model organisms and in vitro cell culture studies show that the receptor mediated
induction of the Ras-MAPK pathway is an evolutionarily conserved mechanism and
regulates many biological functions such as cell growth, proliferation, and differentiation
(Goldfarb, 2001).

4.13 Role of FGF signaling during craniofacial development
Fgfs play multiple roles at various stages of craniofacial development. At early
stages, FGF signaling plays an important role in the establishment of the midbrainhindbrain boundary and patterning the midfacial tissues (Bachler and Neubuser, 2001).
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Later in development, FGFs have been shown to play crucial role in skeletogenesis. The
disruption of FGF signaling results in premature osteogenesis in the skull sutures (Helms
et al., 2005 ). Ectopic FGF signaling causes many dwarfism syndromes, such as
achondroplasia and hypochondroplasia (Minina et al., 2005).
FGFs influence the morphogenesis of skeletal elements at many levels. FGF
signaling is shown to play an important role in the migration of cranial neural crest. For
example, in FgfR1 mutant mice, the neural crest cells fail to migrate into the second arch
and accumulate in the very proximal region of the arch. Thus, FgfR1 is found to influence
the entry of neural crest cells into the second arch. Post migration, FGF signaling also
provides cues to the microenvironment of the neural crest cells in the arches (Trokovic et
al., 2002; Santagati and Rijli, 2003). In vitro studies show that low concentrations of
FGF2 promote survival in the neural crest cells, whereas higher concentrations induce
cartilage and bone differentiation (Santagati and Rijli, 2003). This may be the case in the
arches as well with a spatiotemporal gradient of FGF signaling results in formation of
specific cartilage elements.
Studies show that Fgf8 is required for the patterning of skeletogenic mesenchyme
of the first pharyngeal arch (Cruezet, 2004). Fgf8 is expressed in pharyngeal ectoderm
between the first and second arch. Fgf8 transcripts are also seen in the pharyngeal pouch
endoderm. Studies show that FGF8 is required for the neural crest cells to survive and
proliferate in the first arch. The neural crest cells in turn, maintain Fgf8 expression in
neuroepithelium of the forebrain and the surface ectoderm of the first arch (Douarin et al.,
2004). Conditional knockdown of Fgf8 in the pharyngeal ectoderm results in apoptosis in
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majority of the neural crest derived mesenchyme in the first arch. Fgf8 also induces
expression of genes leading to differentiation of this mesenchyme (Santagati and Rijli,
2003). Inhibition of FGF signaling from the surface ectoderm results in abnormal
frontonasal skeletal elements (Helms et al., 2005 ). Further, inactivation of Fgf8 and Fgf3
in zebrafish results in failure of endodermal cells to migrate laterally to form the
pharyngeal pouch and the resulting pharyngeal cartilage elements are disorganized and
abnormal (Helms et al., 2005 ).

4.2 BMP signaling pathway
In addition to FGFs, Bone Morphogenetic Proteins (BMPs) play an important role
in skeletal morphogenesis. BMPs regulate proliferation and differentiation of
chondrocytes and ossification. In vitro studies show that BMPs are potent osteoblast
inducers and promote differentiation of mesenchymal cells into the osteo-chondrogenic
lineage. BMPs also induce chondrogenesis in mesenchymal cells (Wan and Cao, 2005).

4.21 Structure of BMP ligands
BMPs are secreted growth factors like FGFs and contain a highly conserved seven
cysteine rich domain in the carboxy-terminal region of the functional protein. BMPs are
members of the Transforming Growth Factor- β (TGF- β) superfamily. BMP ligands are
dimeric proteins with a single interchain disulphide bond. The dimeric conformation of
the protein is required for the biological action (Fig. 11).
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4.22 Mechanism of BMP signaling
BMPs are synthesized as large pre-proproteins, which consist of a signal domain,
prodomain, and a mature domain. During maturation, the signal peptide is cleaved and
the pre-proprotein undergoes dimerization and cleavage to generate a biologically active
mature protein. After secretion, the BMP dimers bind to type I and II serine threoninekinase receptors. The type I activated receptors then activate intracellular substrates by
phosphorylation. The downstream signaling mediators are Smad family of transcription
factors. Receptor regulated Smads (R-Smad), associate with the common partner Smad
(Co-Smad), and these complexes translocate to the nucleus and interact with other
transcription factors to regulate gene expression (Fig. 11) (Balemans and Hul, 2002).
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Figure 11: Diagrammatic representation of the BMP signaling cascade.
The activated receptors phosphorylate the Smad family of transcription factors, which
activate the target gene expression.
(Image from Balemans and Hul, 2002).
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4.23 Role of BMP signaling in craniofacial development
BMPs are known to play a role in the regulation of chondrogenesis and
skeletogenesis during development. Defective BMP signaling results in multiple
synostosis and chondrodysplasia (Minina et al., 2005). The BMP family members show
distinct expression patterns in the developing skeletal element. BMP2 and BMP4 are
involved in induction of mandibular skeletal elements and other facial structures (Wan
and Cao, 2005). Further, BMP4 induces ectopic cartilage in the proximal mesenchyme of
the mandibular arch in the mouse embryo (Hall, 2005).
FGF8 and BMP4 together provide inductive cues to the mesenchyme, leading to
expression of specific patterning genes. At later stages of development, BMPs promote
differentiation into cartilage and bone (Santagati and Rijli, 2003; Merrill, 2008). BMP
signaling leads to activation of Smads, which induces Runx2 expression and osteoblast
specific gene expression (Merrill et al., 2008).

5. Cloning novel Fgfs and Fgf expression patterns during early development
To determine the nature of FGF signaling from the pharyngeal endoderm, which
may play a role in the specification of the arch mesenchyme, an extensive gene
expression analysis was conducted for all the available Fgf ligands by in situ
hybridization. The expression was analyzed at three stages: pre-migratory stage (HH8/9),
HH14, which is marked by completion of neural crest migration and the specification of
prechondrogenic identity at HH19. The expression analysis was used to identify and
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screen potential Fgf candidates, which may play a role in the specification of
prechondrogenic identity and initiation of chondrogenesis in the proximal mesenchyme.
In addition to the survey of Fgf gene family, this study also reports the cloning
and expression patterns of chick Fgf5, 6 and 7 during early stages of development. The
expression patterns of Fgf5 and 6 have not been reported in chick. The spatiotemporal
expression patterns of these genes are essential to understand the functional roles of these
uncharacterized genes during chick development.
Gene expression studies in mouse showed that Fgf5 is expressed in many murine
tissues such as lateral plate mesoderm, limb mesenchyme, cranial acoustic ganglion,
cerebellum and skeletal muscle (Haub and Goldfarb, 1991). Fgf6 is expressed in the
somatic myotome, skeletal muscles, tongue and pharyngeal and neck muscles in the
developing mouse embryo, suggesting the role of Fgf6 in myogenesis (deLapeyriere et
al., 1993; Rescan, 1998). At later stages of development, Fgf6 transcripts are also
detected in the cerebral cortex, ventricular zone, cerebellum and mesencephalon (Ozawa
et al., 1996; Yaguchi, 2009). In mouse, Fgf7 is expressed in lung and mammary gland
mesenchyme in addition to the lateral brain ventricle (Finch, 1995; Post, 1996). Fgf7
transcripts are also detected in the mesenchyme underlying the pharyngeal and
oesophageal epithelia. This localized expression of Fgf7 in the mesenchyme and its
receptor in the epithelial cells suggest the role of Fgf7 in epithelial-mesenchymal
interactions (Finch et al., 1995). At later stages (E6.5-7.5), Fgf7 is expressed in the
mesenchyme and smooth muscle layer of the gizzard (Shin et al., 2005).
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CHAPTER 2
RESEARCH RATIONALE
2.1 Overview
The aim of this chapter is to provide an overview of the research objectives,
hypotheses, rationale, and the research methodology used to answer the specific
questions raised in this study.

2.2 Research Objectives

Objective I: To examine the role of pharyngeal endoderm in the induction of
prechondrogenic identity in the neural crest derived mesenchyme.

Specific Aim Ia: To determine if pharyngeal endoderm is required to induce
prechondrogenic identity (Sox9 expression) in the proximal mesenchyme of the second
arch.
Hypothesis: Signals from the pharyngeal endoderm are required to induce
prechondrogenic identity in the proximal mesenchyme of the second arch.
Rationale: The pharyngeal endoderm lies in close proximity to the proximal
mesenchyme in the second arch, lending credence to this idea. Further, studies show that
pharyngeal endoderm is required for skeletogenesis of the second arch skeletal elements
(Ruhin et al., 2003). However, the requirement of pharyngeal endoderm in induction and
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maintenance of prechondrogenic identity (Sox9 expression) was not addressed by Ruhin
and colleagues.
Experimental methodology: Mesenchyme from the proximal second arch was
extirpated with or without pharyngeal endoderm, cultured to embryonic day (E) 6 and
analyzed for Sox9 expression by in situ hybridization. Sox9 is a marker of
prechondrogenic identity in these skeletogenic mesenchymal cells (Wood et al., 2010).
The mesenchyme was extirpated at different developmental stages to determine the time
point at which signals from the pharyngeal endoderm induce pre-chondrogenic identity.
To test for the requirement of pharyngeal endoderm, intact mesenchymal slice at the level
of second arch with or without pharyngeal endoderm was cultured to E6 and analyzed for
Sox9 expression. The expression of Sox9 in mesenchymal slice in absence of pharyngeal
endoderm suggested that other surrounding tissues are sufficient to induce Sox9
expression and thus, pharyngeal endoderm is sufficient but not required for induction of
Sox9 expression.

Specific aim Ib: To examine the role of surrounding tissues in the induction of
prechondrogenic identity in the proximal mesenchyme of the second arch.
Hypothesis: I hypothesize that other surrounding tissues such as the otic vesicle and
neural tube are also sufficient to induce Sox9 expression, imparting prechondrogenic
identity in the proximal mesenchyme.
Rationale: Surrounding tissues such as the otic vesicle and neural tube are known to be
sources of a wide range of signaling factors. Further, signals from the otic epithelium are
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shown to induce and maintain Sox9 in the surrounding otic capsule mesenchyme (Hall,
2008). These signals may also induce Sox9 expression in the proximal mesenchyme of
the second arch.
Experimental methodology: Mesenchymal explants with each of the surrounding
tissues such as otic vesicle, notochord, neural tube and blood vessels were grown in
culture to E6 and analyzed for Sox9 expression. Incases where Sox9 expression was
detected, suggested that these tissues are sufficient to induce Sox9 expression.

Objective II: To determine the spatio-temporal patterns of Fgfs at the level of the
second pharyngeal arch.
Hypothesis: Many Fgfs are expressed in the pharyngeal endoderm during pre-migratory
and post-migratory stages.
Rationale: It is important to determine which Fgfs are expressed in the pharyngeal
endoderm, which may play a role in specification of prechondrogenic identity and
induction of Sox9 expression in the proximal mesenchyme.
Experimental methodology: The expression pattern of all the available Fgf ligands in
the pharyngeal arches was determined by in situ hybridization. The analysis was
performed at three developmental stages; stage before neural crest migration (HH8/9),
stage at which neural crest migration is complete (HH14) and the post-migratory stage
(HH19).
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Objective III: To determine the role of FGF signaling in the induction and
maintenance of prechondrogenic identity in the proximal mesenchyme of the second
arch.

Specific Aim IIIa: To determine if FGF signaling is required to induce prechondrogenic
identity in the proximal mesenchyme.
Hypothesis: FGF signaling is required to induce prechondrogenic identity in the
proximal mesenchyme and inhibition of FGF signaling results in loss of Sox9 expression.
Rationale: FGF signaling plays an important role in the skeletogenesis during
development. Previous studies show that application of FGF8 protein or pharyngeal
endoderm results in formation of ectopic second arch derived skeletal elements (Ruhin et
al., 2003).
Experimental methodology: Mesenchymal explants were incubated with beads soaked
in FGF receptor inhibitor SU5402 for 24 hours and analyzed for Sox9 expression. Beads
soaked in PBS were used as control. The failure of Sox9 expression in the FGF receptor
inhibitor treated mesenchymal explants suggested that FGF signaling is required for
induction of Sox9 expression.

Specific aim IIIb: To demonstrate if application of recombinant FGF proteins induce
and maintain prechondrogenic identity in the proximal mesenchyme.
Hypothesis: FGF8 and FGF19 are sufficient to induce and or maintain prechondrogenic
identity (Sox9 expression) in the proximal mesenchyme.
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Rationale: Fgf8 and Fgf19, which are expressed in the pharyngeal endoderm may be
candidate inducers of Sox9 in the proximal mesenchyme.
Experimental methodology: Mesenchymal explants were incubated with recombinant
FGF8 protein soaked beads. The same experiment was performed with recombinant
FGF19 protein. PBS soaked beads were used as control. Additionally, the explants were
grown to E6 and analyzed for Sox9 expression. The absence of Sox9 expression in longterm cultures suggested that FGF signaling is not sufficient to maintain Sox9 expression.

Specific aim IIIc: To determine signals other than FGFs, which maintain Sox9
expression in the mesenchyme.
Hypothesis: BMP signaling is sufficient to induce and maintain prechondrogenic identity
in the proximal mesenchyme.
Rationale: Signaling factors such as BMP4, which are expressed in the pharyngeal
arches can maintain Sox9 expression in the mesenchyme (Wood et al., 2010).
Experimental methodology: Recombinant BMP4 protein soaked beads are applied
individually and in combination with FGF8 protein soaked beads to the mesenchymal
explants and analyzed for Sox9 expression. The expression of Sox9 in these explants
indicates that BMP signaling even in the absence of FGFs, can induce and maintain Sox9
expression.

42

Objective IV: To investigate the role of pharyngeal endoderm in the initiation of
chondrogenic program in the proximal mesenchyme.

Specific aim IVa: To determine if pharyngeal endoderm is required for initiation of
chondrogenic program.
Hypothesis: Pharyngeal endoderm is required for initiation of chondrogenic program in
the proximal mesenchyme.
Rationale: Before the establishment of prechondrogenic identity, the proximal
mesenchyme in the absence of pharyngeal endoderm is unable to initiate the expression
of Col2a1 and thus chondrogenic program. Thus, pharyngeal endoderm is required for
initiation of chondrogenesis at this early stage.
Experimental methodology: Mesenchymal explants with and without pharyngeal
endoderm are grown to E8. The stage E8 represents the stage at which Col2a1 is
expressed to indicate overt chondrogenesis during normal development (Wood et al.,
2010). The lack of expression of Col2a1 in mesenchyme-only explants suggests that
pharyngeal endoderm contains signals necessary for the initiation of chondrogenesis.

Objective IVb: To examine the role of FGF and BMP signaling in the initiation of
Col2a1 expression and chondrogenic program.
Hypothesis: A combination of FGF and BMP signaling is required to initiate the
chondrogenic program in the proximal mesenchyme.
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Rationale: FGF signaling is sufficient but unable to maintain Sox9 expression in the
mesenchyme. In contrast, BMP signaling even in the absence of FGF signaling is
sufficient to induce and maintain Sox9 expression. This suggests that BMP signaling
alone or in combination with FGF signaling is sufficient to induce Col2a1.
Experimental methodology: To test the sufficiency of FGF signaling in induction of
Col2a1 expression, mesenchymal explants were incubated with beads soaked in
recombinant FGF8 or FGF19 protein. The absence of Col2a1 transcripts in cultures with
sustained levels of FGF8 showed that FGF signaling is insufficient to induce the
chondrogenic program, suggesting that a second signal from the pharyngeal endoderm is
required to initiate chondrogenesis. To investigate if BMP signaling is sufficient to
initiate the chondrogenic program, recombinant BMP4 protein soaked beads were applied
to the mesenchymal explants and analyzed for Col2a1 expression. Further, both FGF8
and BMP4 beads were simultaneously applied to the mesenchyme and analyzed for
Col2a1 expression. Expression of Col2a1 in these explants showed that a combination of
FGF and BMP signaling is required for initiation of chondrogenesis.

Objective V: To report the molecular cloning and determine their expression
patterns of Fgf5, 6 and 7 during early chick development.
Hypothesis: Fgf5, 6 and 7 are expressed in several tissues during early stages of
development.
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Rationale: As FGF family members show high degree of conservation and homology
across the vertebrate taxa, chick Fgf5, 6 and 7 are also expressed during different stages
of development as the reported murine orthologs of these genes.
Experimental methodology: The expression patterns of Fgf5, 6 and 7 were determined
using in situ hybridization on whole mount embryos. The analysis was performed across
an extended range of developmental stages from HH5-19.
Further, to determine the evolutionary relationship of Fgf5, 6 and 7 across the different
vertebrates, amino acid sequences of these genes were analyzed to show multiple regions
of conservation and signature FGF protein motifs such as FGF binding domain. Multiple
sequence alignment using MUSCLE algorithm was used to determine highly conserved
regions in the amino acid sequences. Phylogenetic tree using PhyML program was used
to determine evolutionary relationships between the vertebrate orthologs. Web servers
such as SignalP 3.0 and Simple Modular Architecture Tool (SMART) were used to
identify presence of signal peptide and signature protein domains and motifs. Also,
determine the sequence homology, percent similarity of the chick Fgf5, 6 and 7 with
other vertebrate (human, mouse and zebrafish) orthologs.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Embryo collection and staging
Fertile chicken eggs from Bovan Brown x Rhode Island Red (Morgan Poultry
Center, Clemson University) were used in this study. The eggs were incubated to the
desired stages at 38.5°C in a humidified air incubator. The embryos were staged
according to the Hamburger and Hamilton staging series (Hamburger and Hamilton,
1951).

3.2 Tissue Explants
The embryos were harvested and washed in saline. To protect the architecture and
integrity of the tissues, the embryos were dissected and manipulated in L15 medium. The
head was transected and a flame sharpened tungsten needle (0.125 mm, WPI, Sarasota,
FL) was used to isolate the desired tissue(s) (Fig. 1b, chapter 4). To separate the different
tissue types, no enzymatic treatment was performed to protect the integrity of cell surface
receptors. Zero hour explants were embedded and sectioned to determine the tissues
present in the explant.
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3.3 Collagen gel culture
Tissue explants were cultured in 3.3mg/ml tail collagen (Roche Diagnostics,
Indianapolis, IN) re-suspended in sterile 0.2% acetic acid. The collagen was prepared on
ice using 440 µl collagen, 80 µl DEPC-H2O, 60 µl 10X DMEM and 20 µl 7.5%
bicarbonate solution. The tissue explant was embedded in the collagen at 37°C in a 5%
CO2 incubator. Once the collagen was set, carbonated Neurobasal medium (Gibco,
21103-049) supplemented with Glutamax, and B27 (Gibco, 17504-044) was added. Also,
Penicillin/Streptomycin was added to prevent microbial growth in the culture. The tissue
explants were cultured at 37°C in a 5% CO2 incubator, with daily changes in media until
the desired stage. The explants were then fixed in 4% paraformaldehyde (PFA) and
prepared for further analysis.

3.4 Bead Implantation
Affi-Gel Blue Beads (100-200 µm, Bio-Rad, Hercules, CA) were implanted in the
tissue explants. The beads were washed in PBS (phosphate buffered saline) for 1 hour
and then soaked in 10 mM SU5402 (Pfizer), or 1 mg/ml human recombinant FGF8 (423F8/CF, R&D systems), FGF19 (100-32, Peprotech), or 100 ng/ml mouse recombinant
BMP4 (314-BP/CF, R&D systems) for 1 hour. As SU5402 is dissolved in DMSO, the
beads soaked in SU5402 were washed three times in PBS before implanting to minimize
the toxic effects of DMSO. The control beads were similarly treated with DMSO and
washed in PBS before implantation. The FGF and BMP soaked beads were re-suspended
in PBS. In this case, PBS washed beads were used as the control. The beads were stored
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on ice and were inserted adjacent/beneath the tissue. Two beads were implanted adjacent
to the tissue to determine the effect of FGF and BMPs.

3.5 In situ hybridization (ISH) for chick embryos
The embryos were staged, harvested in saline, and fixed in 4% PFA overnight at
4°C. The embryos were washed in PBT (PBS+0.1% Tween 20), followed by dehydration
steps using 50% methanol/PBT and 100% methanol and permeabilized with 6%
hydrogen peroxide (H2O2). For hybridization, the embryos were rehydrated and
permeabilized for one hour (three washes of 20 min each) in detergent mix (1% IGEPAL,
1% SDS, 0.5% deoxycholate, 50mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0 and 150
mM NaCl). The embryos were fixed in 4% PFA for 20 minutes at room temperature. The
embryos were washed in PBT to remove the fixative and incubated for 2 hours in prehybridization solution (50% formamide; 5X saline-sodium citrate buffer, SSC, pH 4.5;
2% SDS; 2% Boehringer Blocking Reagent, BBR; 250 µg/ml tRNA and100 µg/ml
Heparin) at 68-70°C followed by overnight incubation at 68-70°C with 2-5 µl/ml of the
appropriate antisense Digoxygenin (DIG) labeled riboprobe. The sense probes were used
as a control. Post incubation, the embryos were washed two to four times for 30 min.
with solution X (50% formamide, 2XSSC, pH 4.5 and 1% SDS) at 68-70°C followed by
several washes with MABT (100 mM Maleic acid, 150 mM NaCl, pH7.5 MAB+0.1%
Tween-20) at room temperature. The non-specific antibody binding was blocked by
incubation with 2% blocking reagent (Roche) in MABT. The Alkaline Phosphatase (AP)conjugated anti-digoxygenin (DIG) antibody was added to the blocking reagent at a

49

concentration of 1:2000 and incubated for 24-48 h at 4°C with gentle rocking. The
embryos are washed in MABT (six washes for 1 h each) at room temperature followed by
two washes of 10 min each in NTMT (100 mM NaCl, 100 mM Tris–HCl, pH 9.5, 50 mM
MgCl2 and 1% Tween-20). The DIG antibody was detected by a mixture of 4.5µl Nitro
blue tetrazolium chloride (NBT) and 3.5µl 5-Bromo-4-chloro-3-indolyl phosphate
toluidine salt (BCIP, Roche) for each ml of NTMT, pH9.5. The staining reaction was
stopped by washing in NTMT once the required staining intensity was achieved and the
embryos were fixed in 4% PFA overnight at 4°C. Following overnight fixation, the
embryos were cleared in 80% glycerol/PBS for long term storage at 4°C (Chapman et al.,
2002).

3.6 Peanut Agglutin Lectin (PNA) immunocytochemistry
The explant tissue was washed in PBS and quenched in 3% H2O2/PBS for 15
min., followed by two PBS washes at room temperature. The blocking step was
performed using 5% normal goat serum/PBS for 20 min. The tissue was washed in PBS
and incubated with 100 µl of PNA conjugated with horseradish peroxidase (HRP) at 4°C
(Sigma L7759) for a minimum of two days. To develop the HRP staining, the tissue was
washed in 0.1% PBT (PBS+10%Tween-20) followed by 3,3'-Diaminobenzidine
(DAB)/0.1% Tween-20 for 10 min in dark conditions. The tissue was then incubated with
active DAB (DAB/0.1% Tween 20 + 0.3% H2O2) to develop the brown color stain. The
tissues were washed in PBS to stop the reaction when the required staining intensity was
achieved (Wood et al., 2010).
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3.7 Sectioning
3.7.1 Vibratome sectioning and image analysis
Embryos cleared in 80% glycerol/PBS were photographed in whole mount.
Images were obtained using a Nikon SMZ1500 stereomicroscope and Q-Imaging 5MPV
camera. The embryos were mounted in 20% porcine gelatin/PBS and fixed in 4% PFA
for a minimum of three days before sectioning. The embryos were sectioned at 50 µm
using a Leica VT1000S vibratome, mounted in 80% glycerol/PBS, and coverslipped.
Images were obtained using a Nikon Eclipse 80i compound microscope with a QImaging 5MPV camera. The images were edited with Adobe Photoshop CS4.

3.7.2 Cryosectioning
Explants stained for PNA were washed in 10-20% sucrose/PBS overnight. The
explants were embedded in 30% sucrose/gelatin using dry ice and 2-methylbutane and
cryosectioned at 10 µm using a Leica CM3050. The sections were air dried on glass
slides and stored at -20°C for a minimum of two days. The slides were then washed in
PBS at 37°C to remove the sucrose/gelatin, mounted in 80% glycerol/PBS, and
coverslipped. Images were obtained using a Nikon Eclipse 80i compound microscope
with a Q-Imaging 5MPV camera. The images were edited with Adobe Photoshop CS4.

3.8 Molecular cloning
Sequence specific nested primers were designed for each of the genes according
to the chick reference sequences (www.ensemble.org, Chapter 5, Table 2). The cDNA of
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the target genes was obtained by reverse transcription (RT-PCR). Fgf5 cDNA was
obtained from the total RNA isolated from the limbs of E7 embryos. The cDNA for Fgf6
and Fgf7 was obtained from the total RNA isolated from the trunk region of HH21
embryos. Reverse transcription was carried out for 45 min at 45ºC using a reverse
transcription kit (Promega, A1260), followed by PCR amplification using 1 cycle of 94ºC
for 2 min, 30 cycles of 94ºC, 59ºC, and 68ºC for 1 min each, and a final extension cycle
of 68ºC for 7 min. The amplified product was cloned into the PCRII TOPO vector
(Invitrogen) and sequenced at the Clemson University Genomics Institute. Antisense
Dioxygenin (DIG) labeled riboprobes using the entire fragment were made as follows: a
linearized fragment of Fgf5 was made by PCR using M13 Forward and Reverse primers
and transcribed with T7 polymerase. Fgf6 and Fgf7 were linearized with HindIII and
transcribed with T7 polymerase.

3.9 Bioinformatics analysis
The amino acid sequences of FGF5, 6, and 7, for the following four taxa were
analyzed in this study: chick (Gallus gallus), human (Homo sapiens), mouse (Mus
musculus), and zebrafish (Danio rerio). The amino acid sequences were obtained from
the NCBI or Ensembl database (Chapter 5, Section 2.1). Multiple sequence alignments
were performed using the MUSCLE algorithm in the SeaView 4.1.12 program
(http://pbil.univ-lyon1.fr/software/seaview.html) (Gouy et al., 2010). The percent identity
between nucleotide and protein sequences of chick Fgf5, 6, and 7, with the mouse,
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human, and zebrafish orthologs was determined using the LALIGN program
(http://www.ebi.ac.uk/Tools/psa/lalign) (Huang and Miller, 1991).
Prosite (http://expasy.org/prosite and http://expasy.org/tools/scanprosite)
database was used to determine the different protein domains, families, and functional
sites. The Prosite search used the UniProt, SwissProt, and PDB databases. Patterns with a
high probability of occurrence were included, and no filters were used to identify the
different domains. Conserved Domains Search Tool (CDART,
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and Simple Modular Architecture
Tool (SMART, http://smart.embl-heidelberg.de) were used to identify PFAM domains,
internal repeats, and conserved FGF domains. The potential signal peptides were
predicted using the Phobius (http://phobius.sbc.su.se) and SignalP 3.0 server
(http://www.cbs.dtu.dk/services/SignalP-3.0) and using the Neural Network (NN) and
Hidden Markov Model (HMM) prediction.
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Summary
The pharyngeal endoderm is hypothesized as the source of local signals that
specify the identity of neural crest-derived mesenchyme in the arches. Sox9 is induced
and maintained in pre-chondrogenic cells during condensation formation and
endochondral ossification. Using explant culture we determined that the pharyngeal
endoderm was sufficient, but not necessary for specifying pre-chondrogenic identity, as
signals from the pharyngeal endoderm can be compensated by surrounding tissues
including the otic vesicle. Multiple Fgf genes are expressed specifically in the pharyngeal
endoderm subjacent to the neural crest-derived mesenchyme. FGF signaling is both
sufficient and required for specification of Sox9 expression and specification of prechondrogenic identity, as demonstrated by the addition of recombinant FGF protein or
the FGF receptor inhibitor (SU5402) to explanted tissue, respectively. However, FGF
signaling cannot maintain Sox9 expression or initiate the chondrogenic program as
indicated by the absence of Col2a1 transcripts. BMP4 signaling can induce and maintain
Sox9 expression in the isolated mesenchyme, but only in combination with FGF signaling
induce Col2a1 expression, and thus, chondrogenesis. Given the spatio-temporal
expression patterns of FGFs and BMPs in the pharyngeal arches, we suggest that this
may represent a general mechanism of local signals specifying pre-chondrogenic identity
and initiation of the chondrogenic program.
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Introduction
The mechanism involved in induction and patterning of the neural crest (NC)derived Hox-positive mesenchyme in the pharyngeal arches is an area of intense interest
(Creuzet et al., 2005). Mesenchyme of the 2nd pharyngeal arch gives rise to several
skeletal elements, including the retroarticular process, columella, posterior basihyoid and
ceratobranchial elements of the tongue skeleton (Ruhin et al., 2003; Kulesa et al., 2004).
NC migrates from the chick midbrain region at Hamburger and Hamilton (HH)9
(Hamburger and Hamilton, 1951) in an anterior to posterior wave, with the hyoid stream
beginning its migrating from rhombomere 4 (r4) at approximately HH11 (Couly et al.,
1992). Small r3 and r5 contributions, which do not undergo apoptosis, add to the anterior
and posterior hyoid stream, respectively (Kulesa and Fraser, 2000; Graham et al., 2004;
Kulesa et al., 2004). Cranial NC migration is completed by HH14 with proximal and
distal populations forming medial to more lateral hyoid elements (Kontges and Lumsden,
1996).

Avian development of the hyoid derived cartilage depends on signals that arise
from the pharyngeal endoderm (Ruhin et al., 2003; Creuzet et al., 2004a). Removal of
anterior to progressively more posterior stripes of medial, or lateral foregut endoderm at
premigratory stages, demonstrates that the pharyngeal endoderm is required for
patterning of specific skeletal elements. At the level of the 2nd arch, these include
elements such as the basihyoid and ceratobranchial (Ruhin et al., 2003). Turning
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mesenchyme into cartilage condensations necessitates that epithelial-mesenchymal
interactions perform several functions. Migrating skeletogenic mesenchyme is first
localized, with local epithelial-mesenchymal interactions influencing the size of the
progenitor population for each cranial skeletal element, providing condensation initiation
signals, and then permitting differentiation of chondrocytes and, finally, ossification
(Hall, 2008). Previous studies looked at the presence or absence of cartilage elements, but
did not examine the intervening steps to determine when the failure took place (Creuzet
et al., 2005). Mesenchyme localization, specification of pre-chondrogenic identity or the
chondrogenic program might each be affected.

The columella arises from NC mesenchyme that migrates to the proximal 2nd
arch, apposing the pharyngeal endoderm (Kontges and Lumsden, 1996). The single chick
middle ear bone, the columella, is a composite structure consisting of both persistent and
replacement cartilage elements. The proximal bony columella inserts into the oval
window of the cochlear duct and the more distal extracolumella cartilage inserts into the
tympanic membrane, spanning the width of the middle ear cavity (Jaskoll and Maderson,
1978; Wood et al., 2010). The effect of signals from the subjacent pharyngeal endoderm
on the proximally localized mesenchyme of the columella was not analyzed in previous
studies (B. Ruhin and N. Le Douarin, personal communication). We wanted to know if
the pharyngeal endoderm provided signals sufficient and necessary for specifying the
putative columella mesenchyme to a chondrogenic fate. The positioning of the columella
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mesenchyme and endoderm make an ideal tissue to investigate the intervening time
points between migration and chondrogenesis.

We hypothesize that signals required for specifying pre-chondrogenic identity and
the onset of the chondrogenic program in this mesenchymal population are localized to
the subjacent pharyngeal endoderm. To examine this question extirpated tissues from the
middle ear region were grown in collagen gel culture. Sox9, a member of the high
mobility group (HMG) domain containing transcription factors, is implicated in NC
specification, with Sox9 expression in mesenchyme a marker of pre-chondrogenic
identity (Cheung and Briscoe, 2003; Wood et al., 2010). The onset of Col2a1 expression
indicates the initiation of the chondrogenic program at E7.5 in chick (Zhao et al., 1997;
Eames et al., 2004; Betancur et al., 2010). Through our tissue recombination experiments
we show that the pharyngeal endoderm adjacent to the post-migratory mesenchyme,
giving rise to the putative columella condensation, is sufficient, but not required to induce
Sox9 expression and, thus, pre-chondrogenic identity.

Endodermal signals arising in the caudal part of the foregut influence the Hoxpositive mesenchyme in the 2nd and the more posterior arches, inducing pre-chondrogenic
identity (Ruhin et al., 2003). Reciprocal signaling between the Fgf8 expressing endoderm
and NC cells in the facial region is required for condensation formation (Creuzet et al.,
2004b). Numerous FGF genes with spatially restricted expression patterns are present in
the region (Ohyama et al., 2007; Schimmang, 2007), potentially mediating these
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epithelial-mesenchymal interactions (Shigetani et al., 2000). Therefore, we surveyed
known FGF family members to identify Fgf genes expressed in the pharyngeal
endoderm. Embryos were analyzed at the migratory and post-NC migratory stages HH14
and HH18/19 when the mesenchymal Sox9 expression is first detected.

Multistep crosstalk is required between the endoderm and NC-derived
mesenchyme, leading to cartilage formation (Creuzet et al., 2005). Our functional studies
demonstrate that FGF signaling is both sufficient and necessary for induction of prechondrogenic identity, but cannot maintain Sox9 expression to initiate the chondrogenic
program. Expression of the chondrocyte marker Col2a1 is, however, elicited with
pharyngeal endoderm present, indicating the requirement for a second signal. BMP4
signaling alone is able to induce and maintain Sox9 expression, but it is the combination
of BMP and FGF signaling that is required for induction of the chondrogenic program.
We show that BMP4, in combination with FGF8, is sufficient to initiate the chondrogenic
program and suggest that this may be a general patterning mechanism within the more
posterior arches, which all express combinations of these secreted signaling molecules.
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Results
Pharyngeal endoderm is sufficient to induce Sox9 expression
Ablation of caudal endoderm results in the loss of ceratobranchial and
epibranchial cartilage elements (Ruhin et al., 2003); however, the timing of the
mechanism involved has not been closely examined. We hypothesize that signals from
the pharyngeal endoderm are sufficient to specify pre-chondrogenic identity, which is
required for condensation and chondrogenesis to occur. Pharyngeal endoderm and the
proximal mesenchyme of the 2nd arch are directly apposed (Fig. 1). It is likely that local
signals, specifying the NC-derived mesenchyme pre-chondrogenic fate, arise from the
endoderm. Neural crest cells located in the dorsal neural tube have Sox9 expression at
premigratory stages HH9-12, which is down regulated at the onset of migration (Cheung
and Briscoe, 2003). The NC migrates to the second arch and is located proximally at the
entrance to the arch and distally within the arch pouch by HH14. The putative
skeletogenic mesenchyme does not regain Sox9 expression until HH18 (Cheung and
Briscoe, 2003)(our unpublished results).

To test the sufficiency of pharyngeal endoderm to induce Sox9 expression in
mesenchyme, we used an explant culture system. Mesenchyme from the proximal 2nd
arch region, including the cells fated to form the columella (the single middle ear bone of
the chick) (Wood et al., 2010; Chapman, 2011) were explanted with or without the
subjacent endoderm from HH14, HH19 and HH24 embryos into collagen gel culture
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(Exp. 1-3, Table 1). The more distal mesenchyme within the 2nd arch pouch was excluded
(Fig. 1, see Experimental Procedures for a detailed description).

Mesenchymal tissue explanted at HH14 was grown to embryonic day (E)6 and
analyzed for the presence of Sox9 transcripts (Exp. 1, Fig. 2A). Mesenchyme with
endoderm present expressed Sox9 in all cases (n=36/36, Fig. 2), whereas explants of
mesenchyme alone did not (n=4/26). Tissue sections of zero hour explants show
mesenchyme with endoderm or mesenchyme alone as expected (not shown). We also
confirmed that transplanted mesenchyme does not express Sox9 at HH14 (zero hour
explants, not shown). The small number of explants with Sox9 expression likely included
remnants of pharyngeal endoderm. Cleanly separating the thin endodermal layer is
challenging without the use of enzymes. To avoid disrupting secreted signaling factors
we avoided the use of enzymes to separate these tissues. This result indicates that signals
from pharyngeal endoderm are sufficient for induction and maintenance of Sox9
expression.

From HH18, mesenchyme fated to form skeletal condensations expresses Sox9
(not shown). We wanted to know if the expression of Sox9 in this tissue indicated that it
was specified to a pre-chondrogenic identity and would thus maintain Sox9 expression
when cultured in isolation. Mesenchyme was explanted from HH19 and HH24 embryos
and grown to E6 with or without pharyngeal endoderm present (Exp. 2 and 3, Fig. 2).
When cultured with pharyngeal endoderm, HH19 and HH24 explants maintained Sox9
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expression at E6 (n=3/4 and 8/8, respectively, Table 1). When cultured alone, in the
absence of pharyngeal endoderm, mesenchyme also maintained Sox9 expression (n=3/3
and 8/8, respectively, Fig. 2). This experiment indicates that mesenchyme was able to
maintained Sox9 expression in the absence of any signals from the pharyngeal endoderm
and the cells were thus specified as pre-chondrogenic by HH19.

These results support our hypothesis that signals from the pharyngeal endoderm at
post-migratory stages (HH14 onward) are sufficient to induce Sox9, specifying the NCderived mesenchyme to a pre-chondrogenic fate, and that by HH19 these signals are no
longer required to maintain Sox9 expression. Moreover, this experiment confirms that the
NC requires local epithelial derived signals and is not pre-patterned to a prechondrogenic fate. Furthermore, based on these results, the surface ectoderm subjacent to
which these cells migrate does not appear to be required for the onset of Sox9 expression.

Pharyngeal endoderm is not required for Sox9 expression
Although sufficient, it is not clear if pharyngeal endoderm is required for Sox9
expression. Ablation of subjacent pharyngeal endoderm in ovo results in the loss of the
hyoid skeletal elements: the ceratobranchial and epibranchial cartilages. In these
experiments, whole mount embryos were manipulated at HH9 were incubated until E8
and then stained for the presence of cartilage (Ruhin et al., 2003). In this context,
pharyngeal endoderm is required for skeletogenesis. However, the requirement for
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signals from the pharyngeal endoderm in inducing and maintaining Sox9 expression, and
thus pre-chondrogenic identity was not addressed.

A transverse slice of the head at the level of the 2nd arch (Fig. 1A) was explanted
from HH14 embryos and cultured to E6 (Exp. 4, Fig. 2B). The slice included all the
tissues at this level; neural tube, notochord, otic vesicle, mesenchyme, surface ectoderm,
pharyngeal endoderm and blood vessels. The slice was hemisected into left and right
sides. The intact left side slice acted as a control with all tissues left intact, whereas the
pharyngeal endoderm was removed from the right hand slice, leaving all other tissues
undisturbed (Fig. 2B). In both control and experimental tissues Sox9 was expressed in all
cases (n=10/10), demonstrating that although sufficient, pharyngeal endoderm is not
required for Sox9 expression and the specification of pre-chondrogenic identity. Signals
from surrounding tissues must, therefore, compensate for the loss of the pharyngeal
endoderm.

It must be noted that our explant experiments likely include mesenchymal cells
fated to become other skeletogenic structures, not just the proximal 2nd arch NC
mesenchyme fated to become the columella. Some of the lateral otic capsule population
is likely included when we extirpate the mesenchyme. The origin of otic capsule
mesenchyme is more complex than for the proximally situated columella, with
contributions from the first somite, cephalic mesoderm and NC (Couly et al., 1993), our
unpublished data). For the otic capsule, endogenous inductive epithelial-mesenchymal
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signals originate from the placodal ectoderm of the otic epithelium (Hall, 2008). Sox9 is a
common marker of pre-chondrogenic cells and, thus, will label both otic capsule and
columella populations. The only marker to distinguish between these populations is
Peanut Agglutinin (PNA). Otic capsule mesenchyme does not label with PNA unless pretreated with neuraminidase to remove the sialic acid residues present in this population,
allowing us to distinguish 2nd arch mesenchyme from otic capsule (Wood et al., 2010).
Thus, we could distinguish which pre-cartilaginous populations were present in our
explants (Exp. 5, n=13/13, Fig. 2C). Explants with Sox9 positive cells were incubated
with PNA-HRP. Some Sox9 cells were labeled with PNA, whereas others were not
labeled. This result leads us to conclude that both NC-derived mesenchyme and otic
capsule cell populations were included in our explants.

Signals from other tissues are sufficient to induce Sox9 expression
Next we determined which other tissues in the region have signals capable of
inducing Sox9 (Exp. 6). When otic vesicle was included with mesenchyme, Sox9 was
expressed in all cases (n=16/16, Fig. 2). As the otic epithelium is adjacent to the otic
capsule mesenchyme, signals from the otic epithelium would be expected to normally
induce and maintain Sox9 expression in the otic capsule mesenchyme (Hall, 2008).
Signaling molecules diffuse away from their source into the mesenchyme. It is likely that
inducer molecules from the otic epithelium are able to substitute for signals from the
pharyngeal endoderm and induce Sox9 in the NC-derived mesenchyme. Of interest,
removal of the otic placode does not affect development of the columella, indicating that
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although sufficient, signals from the otic epithelium are not required for columella
development (Reagan, 1917). We also found that neural tube and notochord are sufficient
to induce Sox9 expression, although the endothelium of blood vessels was not (not
shown).

A long-standing question is whether the surface ectoderm at these stages in the
chick has the potential to specify the mesenchyme (Exp. 7). Our explants of pharyngeal
endoderm and mesenchyme demonstrate that the surface ectoderm, past which NC
migrates, is not required to induce Sox9 expression (Exp. 1). However, ectoderm at the
level of the pharyngeal groove, when combined with the adjacent post-migratory
mesenchyme, resulted in 5/20 (25%) cases positive for Sox9 expression. There are two
possible explanations for this result. Firstly, the explant was contaminated with
pharyngeal endoderm, giving a similar result to the baseline results for mesenchyme
alone. Or secondly, that the surface ectoderm of the 2nd arch expresses an inducer,
whereas the more dorsolateral surface ectoderm encountered during migration does not
(Fig. 1B). Pharyngeal endoderm and surface ectoderm at this level express Fgf8, a known
inducer of Sox9 (Monsoro-Burq et al., 2003). Thus, in some of our surface ectoderm and
mesenchyme explants, we may have inadvertently included the Fgf8 expressing ventral
ectoderm, leading to induction of Sox9 expression. These results lead us to survey the
spatio-temporal expression patterns of Fgf genes in the surrounding tissues.
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Spatiotemporal analysis of Fgf expression in the ear-forming region
Neural crest migrates into a proximal position in the 2nd pharyngeal arch,
undergoes condensation and by endochondral ossification forms the single middle ear
bone of the chick, the columella (Wood et al., 2010). We hypothesize that FGF signals
are required for the induction of Sox9 and specifying pre-chondrogenic identity. Ectopic
hyoid (tongue) cartilage is evident when additional endoderm or FGF8 beads are grafted
into the 2nd arch region (Ruhin et al., 2003; Creuzet et al., 2004a). However, the effect on
the columella was not analyzed (B. Ruhin and N. Le Douarin, personal communication).
We analyzed Fgf expression patterns to identify the spatio-temporal expression of FGF
family members in the region. Cranial NC migration begins at HH9 in the midbrain and
progresses in an anterior to posterior direction, migrating at HH11 from rhombomere 4
toward the 2nd arch. We, therefore, chose to analyze Fgf expression using in situ
hybridization at HH9 (pre-migration), HH14 (post-migration) and at HH19 when PNA
labeling and Sox9 expression indicates the first signs of NC differentiation into prechondrogenic mesenchyme (Wood et al., 2010). Sox9 expression is maintained in
chondrogenic cells of the columella up to E8, when it is down regulated in anticipation of
ossification, as marked by the onset of Indian hedgehog (Ihh) expression at E10 (Wood et
al., 2010).

At pre-migration stages Fgf3, 4, 8 and 19 are expressed in the endoderm fold
adjacent to where NC-derived mesenchyme will migrate (Karabagli et al., 2002; Paxton
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et al., 2010). Following completion of NC migration at HH14, expression of Fgf3, 4, 8
and 19 are maintained in the fold of the pharyngeal endoderm (Fig. 2A-D). Fgf3 and Fgf4
are weakly expressed (Fig. 2a, b), whereas Fgf8 and Fgf19 have strong expression (Fig.
2c, d), with Fgf8 also being expressed in the surface ectoderm at the groove of the arch
(asterisk).

At HH19, Fgf3 is expressed in the pharyngeal endoderm between the first and
second arch (Fig. 3A). Fgf8 and Fgf19 are expressed in the pharyngeal endoderm at the
anterior edge of the 2nd arch (Fig. 3B, C). Fgf8 is no longer expressed in the surface
ectoderm. Fgf4 expression has strengthened, but is limited to the posterior of the 2nd arch
(Fig. 3D). We find no other Fgfs expressed in the pharyngeal endoderm.

These expression patterns indicate that Fgf8 and Fgf19 are consistently expressed
in the pharyngeal endoderm pre and post migration stages, with weaker early Fgf3 and
Fgf4 expression (HH14). Fgf4 expression may play a role in induction, but not
maintenance, as it is down regulated by HH19 in the endoderm at the anterior of the arch
where the columella will form.

Although FGF19 has a known role in inner ear induction (Ladher et al., 2005), as
candidate inducer of Sox9, a more detailed analysis of Fgf19’s spatio-temporal expression
pattern was needed. We analyzed expression in an extended stage series (HH8-14) by in
situ hybridization. Expression is initially detected in the mesenchyme and weakly in the
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ventral hindbrain at the level of the ear-forming region (Fig. 4A). By the six somite stage
pharyngeal endoderm begins to express Fgf19 (Fig. 4B, C). Folding of the anterior
intestinal portal forms the pharyngeal endoderm lip (Fig. 4D, arrowed). This coincides
with the onset of NC migration. Low levels of Fgf19 expression in hindbrain continue
until around HH10 with pharyngeal endoderm showing increased numbers of transcripts
(Fig.4E). At HH12, expression is visible at the level of 2nd arch and a new domain of
expression appears in the endoderm of the 4th arch (Fig. 4G, g). By HH14, Fgf19
expression in pharyngeal endoderm is directly subjacent to the NC-derived columella
mesenchyme (Fig. 4H). Given the spatio-temporal Fgf expression patterns, we next tested
if FGF signaling was sufficient and necessary for Sox9 expression.

FGF signaling is required and sufficient for induction of Sox9 expression
To test if FGF signaling was required to induce Sox9 expression we turned again
to our culture system (Exp. 8, Table 2). A bead soaked in 10 mM SU5402 Fgf-receptor
inhibitor or PBS (control) was cultured with a HH14 explant of mesenchyme with
pharyngeal endoderm. Explants cultured for 24 hours with the FGF-receptor inhibitor
failed to express Sox9 (n=2/24, Fig. 6A), while explanted tissue cultured with control
PBS soaked beads did induce expression of Sox9 (n=10/12). These results indicate that
FGF signaling is required to induce Sox9 expression and thus, specification of NC
mesenchyme to a pre-chondrogenic fate.
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In the converse experiment, we tested if addition of recombinant FGF protein was
sufficient to induce Sox9 expression (Exp. 9). We added a bead soaked in recombinant
FGF8 protein to HH14 explants with only mesenchyme present, resulting in Sox9
expression in all cases (n=5/5) after 24 hours in culture (Fig. 6B). Similarly, FGF19
soaked beads induced Sox9 when added to mesenchyme explants (n=6/8). In controls,
mesenchyme only explants placed together with PBS soaked control beads showed no
induction of Sox9 expression (n=1/7).

FGF signaling can induce, but not maintain Sox9 expression
FGF signals are able to induce Sox9 expression during a 24 hour culture period, but we
wanted to know if this one signal was sufficient to maintain Sox9 over time (Exp. 10,
Table 3). Mesenchyme explants cultured with an FGF8 soaked bead to E6 could not
maintain Sox9 expression (n=1/8, Fig. 7A). Neither could FGF19 soaked beads (Table 3).
However, we have shown that signals from the pharyngeal endoderm are able to maintain
Sox9, suggesting that a second secreted signaling molecule is required in addition to FGF.

Bmp2, 4 and 7 are expressed in restricted temporospatial patterns in the
pharyngeal arch epithelia and mesenchyme (Shigetani et al., 2000; Bell et al., 2004;
Darnell et al., 2007; Wood et al., 2010). We confirmed that Bmp4 is expressed in both
the pharyngeal endoderm and mesenchyme of HH14 explants (not shown). When we
applied BMP4 soaked beads alone (n=8/10), or together with FGF8 soaked beads
(n=4/6), explants were able to induce and maintain Sox9 expression to E6 (Fig. 7A).
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Together these data demonstrate that FGF signaling is sufficient and required for
induction of Sox9 expression and, thus, specification of pre-chondrogenic identity in
mesenchyme tissue. However, FGF signals are unable to maintain this identity.
Somewhat unexpectedly, even in the absence of FGF signaling, recombinant BMP
protein was able to not only induce, but also maintain Sox9 expression in long-term
cultures. We know from experiment 8 that FGF signals are required for induction of
Sox9, when mesenchyme and pharyngeal endoderm are the only tissues present. It will be
interesting to determine if BMP signaling could induce Sox9 in mesenchyme alone when
FGF signals were being blocked by SU5402, indicating an important interaction between
the two signaling pathways.

Next we examined the role of pharyngeal endoderm and secreted signaling factors
in initiating the chondrogenic program, leading to overt differentiation and cartilage
formation.

Pharyngeal endoderm signals sets mesenchymal cells on a pathway to
chondrogenesis
Col2a1 expression is normally detected in mesenchyme cells from E7.5 with the
onset of overt chondrogenesis (Wood et al., 2010). To determine if mesenchyme was able
to express the chondrogenic marker Col2a1, HH14 explants were grown to E8 (Exp. 11,
Table 3). Mesenchyme in combination with pharyngeal endoderm strongly expressed
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Col2a1 (n=12/12, Fig. 7B), with the endoderm remaining negative for Col2a1 transcripts.
HH14 mesenchyme cultured alone did not express Col2a1 (n=0/6), indicating that
pharyngeal endoderm contains all the signals necessary for chondrogenesis to proceed.
We next examined to role of FGF8 and BMP4 in this process.

Both FGF and BMP signaling are required to initiate the chondrogenic program
When HH14 mesenchyme was cultured with either an FGF8 (n=0/6) or FGF19
(n=0/5) soaked bead (Exp. 12), none of the explants expressed Col2a1 at E8. FGF
signaling induces, but cannot maintain Sox9 expression and is also insufficient for
induction of the chondrogenic program as indicated by the absence of Col2a1 transcripts
at E8. It is possible that this was because FGF signals that are required to induce Col2a1
expression must be sustained for an interval that cannot be achieved using the bead
culture system. We repeated the experiment, replacing the media each day with
recombinant FGF8 protein included in the media (1 mg/ml) to supply the tissue
constantly over the incubation period, but were unsuccessful in inducing Col2a1
expression (n=0/8, not shown). Taken together, these results suggest that another
signaling pathway is required to facilitate induction of the chondrogenic program.

BMP4 recombinant protein soaked beads were added to mesenchyme explants
(Exp. 13), with or without addition of FGF8 beads (Fig. 7C). Explants were analyzed for
Col2a1 expression at E8. BMP4 alone was only able to induce Col2a1 expression in the
mesenchyme in 20% of cases (n=2/10). However, FGF8 together with BMP4 soaked
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beads, induced Col2a1 expression in the majority of cases (n=5/7). This result suggests
that the pharyngeal endoderm uses the combination of BMP and FGF signals to induce
pre-chondrogenic identity and initiate the chondrogenic program.

To test if FGF and BMP signals were required following the specification of prechondrogenic identity, Sox9 expressing mesenchyme explanted from HH19 embryos was
incubated to E8 (Exp. 14). Explants fixed at zero hour all expressed Sox9 (not shown).
Isolated mesenchyme explants cultured to E8 all strongly expressed Col2a1 (n=7/8, Fig.
7D). Combining explants with either FGF8 (n=6/7) or BMP4 (n=7/7) soaked beads had
did not change the Col2a1 expression. These results suggest that the chondrogenic
program is able to proceed autonomously in skeletogenic mesenchyme from HH19,
without further input following specification of pre-chondrogenic identity. At HH24, all
mesenchyme explants expressed Col2a1 (n=6/8).

In conclusion, these results demonstrate that FGF signaling induced, but could not
maintain Sox9 expression, whereas BMP4 signaling was sufficient to both induce and
maintain Sox9 expression. Together with our FGF receptor inhibitor experiment
demonstrating that FGF signaling is required for Sox9 expression we conclude that FGF
and BMP signaling together specify pre-chondrogenic identity. Moreover, combined
FGF8 and BMP4 signaling was needed to initiate the chondrogenic program as indicated
by Col2a1 expression.
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Discussion
A refined model of cartilage formation in the neural crest-derived mesenchyme
We present a model in which pharyngeal endoderm is sufficient, but not required,
to specify pre-chondrogenic identity and initiate the chondrogenic program in the
skeletogenic mesenchyme from HH14 embryos, as defined by the presence of Sox9 and
Col2a1 transcripts respectively. Specification of pre-chondrogenic identity and initiation
of the autonomous chondrogenic program is complete by HH19 in the presence of signals
from the pharyngeal endoderm. Mesenchyme isolated at HH19 and HH24 expresses Sox9
and Col2a1 during long-term culture.

Furthermore, our gain- and loss-of-function studies using HH14 explants of
isolated mesenchyme demonstrate that FGF signaling is both sufficient and required for
induction of Sox9, but cannot maintain this expression long term. BMP4 recombinant
protein can, however, both induce and maintain Sox9 expression, although by itself it is a
weak initiator of the chondrogenic program. FGF and BMP signaling together are
required for overt differentiation and expression of the chondrogenic marker, Col2a1.

As mesenchyme shares a common ground pattern (Minoux et al., 2009), with
multiple FGF and BMP signaling molecules temporospatially restricted to the pharyngeal
endoderm of all the arches (Creuzet, 2004), this is likely a general patterning mechanism,
although this remains to be tested.
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Pharyngeal endoderm is sufficient to induce and maintain Sox9 expression, but not
required
Ablating pharyngeal endoderm, leaving all other tissues in the region intact elicits
Sox9 expression. As demonstrated by our recombination experiments, signals from the
otic epithelium act as an inducer of Sox9 in the NC-derived mesenchyme. Similarly,
neural tube, notochord and 2nd arch Fgf8 expressing surface ectoderm can acts as
inducers, but endothelial vessels, such as the dorsal aorta, cannot. Although other tissues
are sufficient, given the distance from the putative columella in vivo, it is likely that the
pharyngeal endoderm acts as the endogenous inducer.

In order to chondrify, premigratory cranial NC cells in mammals must interact
with the cranial ectoderm in an inducer/responder relationship. In chick, signals from the
surface ectoderm of the face are required to pattern the beak at later stages, but not other
skeletal elements (Helms and Schneider, 2003; Schneider and Helms, 2003). In lower
vertebrates, such as amphibians, post-migratory NC interacts with the branchial
endoderm (Hall, 2008). Our results demonstrate that in chick, the non-FGF expressing
dorsolateral surface ectoderm is unable to specify pre-chondrogenic identity. However,
Fgf8-expressing surface ectoderm at the level of the pharyngeal groove is sufficient in
this regard. We note that Fgf8 expression in this tissue is short-lived, appearing and then
disappearing between HH8 and HH15. Thus, ectodermal expression might attract or
prime NC cells as they migrate past the groove to reach the distal portion of each pouch.
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FGF signaling is sufficient and required to induce, but cannot maintain, Sox9
expression
Specifying cells that follow the skeletogenic pathway requires exposure to FGF
signaling, with FGF8 signaling being a potent inducer of pre-chondrogenic identity
(Ruhin et al., 2003; Creuzet et al., 2004a; Minoux et al., 2009). The role of FGF8 in
specification of skeletogenic mesenchyme is undisputed, but interestingly we show that
FGF8 is unable to maintain Sox9 expression in isolated mesenchyme.

There are other Fgf genes in the region, with FGF8 a known regulator of Fgf19
expression (Ladher et al., 2005; Gimeno and Martinez, 2007). In our explants the effect
of FGF19 on mesenchymal cells appears less robust than FGF8, with a smaller number of
cells expressing Sox9. Although we did not quantify this, it is tempting to speculate that
the endogenous role of FGF19 may be specification or patterning of only a subset of
mesenchymal cells. Given the proximity of the columella cells to pharyngeal endoderm
the columella mesenchyme may specifically require FGF19, although this remains to be
tested. Fgf19 expression is detected only in distal portions of the 2nd and 4th arches,
lending credence to this idea. The weaker, spatio-temporally restricted expression of Fgf3
and Fgf4 in 2nd arch endoderm will also be the subject of future examination. Zebrafish
fgf3 endoderm expression is required for formation of arches 1-4 (David et al., 2002).
Interestingly, these authors also suggest that signals in addition to FGFs are required in
endoderm to pattern the skeletal elements arising from the arches.
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Pharyngeal endoderm is required for induction of the chondrogenic program
Explants from HH14 embryos cultured with pharyngeal endoderm were able to
express Col2a1 at E8. Once the mesenchyme population is specified, by HH19,
chondrogenesis can proceed even in the absence of pharyngeal endoderm. Thus,
pharyngeal endoderm is not only sufficient to specify pre-chondrogenic identity, but must
be the source of a multiple signaling molecules, acting to initiate chondrogenesis
(Creuzet et al., 2005). We show that BMP4 is sufficient in this regard.

BMP signaling has a role in promoting compaction of pre-chondrogenic cells
leading to formation of the cartilage anlagen (the pre-chondrogenic condensation) and is
an obvious candidate as an additional signal. BMP4 is expressed in a suitable
temporospatial pattern (Wood et al., 2010). Loss of BMP signaling leads to failure of
condensation formation and failure to differentiate into chondrocytes, even in condensed
cells (Duprez et al., 1996; Yoon et al., 2005; Bandyopadhyay et al., 2006; Barna and
Niswander, 2007; Karamboulas et al., 2010). Furthermore, BMP4 is a known inducer of
Sox9, and our results support this finding, showing that BMP4 also maintains Sox9
expression over the longer term. BMP4 can also act as a direct transcriptional activator
of Col2a1 expression (Semba et al., 2000). In our mesenchyme explants, FGF8 or BMP4
signaling alone are able to induce, but only BMP4 signaling can maintain Sox9
expression. Neither signal alone leads to Col2a1 expression, it is only when FGF and
BMP signaling is combine that Col2a1 transcripts are detected at E8.
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Reconciling models of hyoid skeletal formation
The results presented here add new insight into our understanding of the tissue
and signaling mechanism required to induce and pattern NC-derived mesenchyme. NCderived pharyngeal arch cells appear to share a common ground pattern (Minoux et al.,
2009), with earlier transplantation experiments demonstrating the sufficiency and
requirement for pharyngeal endoderm in imparting regional identity (Ruhin et al., 2003;
Creuzet et al., 2004a). Supporting this, ablation of the adjacent pharyngeal endoderm in
ovo resulted in the loss of the basihyoid and ceratobranchial skeletal elements (Ruhin et
al., 2003). However, the mechanism resulting in failure was not evaluated in these
studies. There are several possible stages at which skeletal elements that might be
affected: NC migration, specification of pre-chondrogenic identity, condensation
formation or chondrogenesis.

FGF signals act as an attractant for migrating NC cells (Creuzet et al., 2005).
Genetic ablation of endoderm, in zebrafish van gogh, cas and bon mutants results in
failure to form cartilage (Piotrowski and Nusslein-Volhard, 2000; David et al., 2002;
Piotrowski et al., 2003). In the cas and bon mutants particularly, the lack of endoderm
formation leads to failure of branchial arch formation. The NC cells migrate, but fail to
enter the branchial arches, clustering instead on the surface of the yolk in disorganized
masses, losing the markers of pre-chondrogenic mesenchyme. We suggest that a similar
mechanism acts in chick, where removal of endoderm at the 2nd arch level during premigratory stages (Ruhin et al., 2003; Creuzet et al., 2004a), results in failure of the NC to
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become correctly localized and/or specified as pre-chondrogenic (David et al., 2002).
Addition of an FGF8 source in place of the ablated endoderm rescues this phenotype by
attracting the migrating cells and specifying pre-chondrogenic identity. Furthermore, our
results show that FGF signals from other inducer tissues in the region can act to induce
pre-chondrogenic identity, but would not localize the NC to the correct position. Thus,
our results indicate that pharyngeal endoderm is sufficient, but not required for imparting
pre-chondrogenic identity.

Due to the experimental paradigm used in earlier studies this distinction was not
apparent. Failure of the NC cells to migrate to the correct location and thus be induced
and maintain pre-chondrogenic identity would account for loss of specific skeletal
elements. Thus, our experimental paradigm benefits from using NC cells that are postmigratory, avoiding the complications of localization. Thus, it appears to be the case that
FGF signals arising from the pharyngeal endoderm are required to localize the migrating
NC. Both FGF and BMP signals can induce pre-chondrogenic identity, although only
BMP can maintain this state. In our longer-term cultures neither FGF, nor BMP signals
alone are sufficient to induce the chondrogenic program. In conclusion, it is only when
both signaling factors are combined that the chondrogenic program induced, as marked
by the onset of Col2a1 expression.

79

Experimental Procedures

Embryos
Fertilized Bovan Brown x Rhode Island Red chicken eggs (Morgan Poultry
Center, Clemson University) were incubated at 38.5°C in a rocking incubator to the
desired stage. Whole mount in situ hybridization was performed as previously described
(Chapman et al., 2002). Peanut Agglutinin Lectin (PNA) labeling was performed
according to our standard protocol (Wood et al., 2010). For section analysis embryos
were mounted in 20% gelatin, fixed in 4% PFA (paraformaldehyde) and sectioned at 50
µm using a Leica VT1000S vibratome, or embedded in 30% Sucrose/PBS (phosphate
buffered saline) and cryosectioned at 10 µm using a Leica CM3050.

Tissue explants
Morphology of the head at HH14 and a section of the 2nd arch region are shown in
figure 1. To preserve the integrity of cell surface receptors no enzymatic treatments were
used to separate tissues. Embryos were harvested, washed in saline and transferred to L15
media during the fine manipulation before being transferred to collagen gel culture.
Whole mount embryos were harvested in saline; the head was transected at the level of
the 1/2 pharyngeal arch boundary anteriorly the 2/3 arch boundary posteriorly. The
remaining tissue formed a slice at the level of the 2nd arch (Fig. 1A). The tissues needed
for explants at HH14 (E2), HH19 (E3) or HH24 (E4) were dissected from the equivalent
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region at each stage. The same basic morphology is present at each of the stages used.
The slice was laid flat on the base of the petri dish and a flame sharpened tungsten needle
(0.125 mm, WPI, Sarasota, FL) was used to remove tissues not required. For example,
mesenchyme alone required the removal of the surface ectoderm, pharyngeal endoderm,
distal pharyngeal arch, otic vesicle, neural tube, notochord and blood vessels, leaving
only the proximal mesenchyme (Fig. 1B and Fig. 2 schematics). Using this methodology
ensured that the proximal mesenchyme was the only tissue explanted to collagen gel
culture, whereas the more distal mesenchyme within the pharyngeal arch was excluded.
The older tissues were easier to extirpate as the size of the embryo increased and thus the
mesenchyme was considerably larger. To ensure that we explanted only the desired
tissues, explants at zero hours were embedded and sectioned to determine the tissues
present.

Collagen gel culture
Isolates were cultured in 3.3 mg/ml rat tail collagen (Roche Diagnostics,
Indianapolis, IN) re-suspended in sterile 0.2% acetic acid. Collagen was prepared on ice
using 440 µl collagen, 80 µl DEPC-H2O, 60 µl 10X DMEM and 20 µl 7.5% bicarbonate
solution. Following collagen embedding carbonated Neurobasal medium supplemented
with Glutamax and Penicillin/Streptomycin was added. Cultures were grown at 37°C in a
5% CO2 incubator, with daily changes in media until the desired stage was reached.
Following fixation, tissue was processed for in situ hybridization or
immunocytochemistry.
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Bead implantation
Affi-Gel Blue Beads (100-200 µm, Bio-Rad, Hercules, CA) were washed in PBS
for 1 hour. Beads were then soaked in 10 mM SU5402 (Pfizer), or 1 mg/ml human
recombinant FGF8 (423-F8/CF, R&D systems), FGF19 (100-32, Peprotech), or 100
ng/ml mouse recombinant BMP4 (314-BP/CF, R&D systems) for 1 hour. SU5402 is
dissolved in DMSO and beads were washed three times in PBS before implanting.
Control beads were similarly treated with DMSO and washed in PBS before implanting.
For the recombinant protein experiment the FGF and BMP proteins were re-suspended in
PBS and, thus, no further washing of beads was necessary. PBS washed control beads
were used in these experiments. Beads were kept on ice and as each tissue sample was
prepared a bead was inserted in the collagen gel adjacent to the tissue. For experiment
requiring both FGF and BMP, two beads were added adjacent to the tissue.
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Figure 1: Location of tissues and anatomical landmarks for the explant cultures.
(A) Lines on HH14 embryo show the level of cuts to remove a transverse slice of
the head and 2nd arch region. Pharyngeal arches numbered 1-4, with 2nd arch outlined in
black dots. (B) A section through the level of the otic vesicle and 2nd arch region showing
the tissues present. Proximal to distal mesenchyme continuum indicated by lines on the
left side. Pharyngeal endoderm lines the oral cavity (arrowed). Horizontal line through
arch on right side indicates approximate level of cut to exclude ventral arch mesenchyme
from the explants. Abbreviations: bv, blood vessel; dl, dorsolateral level; dm, distal
mesenchyme; nc, notochord; nt, neural tube; ov, otic vesicle; pe, pharyngeal endoderm;
pm, proximal mesenchyme; se, surface ectoderm; vl, ventrolateral level. Scale bars: A,
200 µm, B, 100 µm.
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Figure 2: Sox9 expression in explants from the proximal 2nd arch region.
The schematics below the graph illustrate the tissues in the region. Orientation is
dorsal to the top and lateral to the right. The colored lines indicate the cuts made to
extirpate the tissue. The graph shows the number and percentage of explants that tested
positive for Sox9. The tissues included in each graph are listed on the horizontal axis. (A)
Explants were removed from chick embryos at HH14, HH19 or HH24 and grown in
collagen gel culture to E6. Mesenchyme cultured with pharyngeal endoderm from HH14
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tissues expresses Sox9 at E6, whereas mesenchyme alone does not. At HH19 and HH24,
Sox9 is expressed in the mesenchyme at E6 in the absence of pharyngeal endoderm. (B)
Transverse sections of the head at the level of the 2nd arch with or without pharyngeal
endoderm present express Sox9 in all cases. The schematic below is labeled with the
tissues found in this region at the time of culture. (C) Extirpation of the otic vesicle with
mesenchyme results in PNA and Sox9 expression. Mesenchyme explanted with surface
ectoderm expresses Sox9 in a quarter of cases. Abbreviations: bv, blood vessel; D, dorsal;
dl, dorsolateral; L, lateral; m/M, mesenchyme; nc, notochord; nt, neural tube; ov/OV, otic
vesicle; PA2, 2nd pharyngeal arch level tissue; pe/PE, pharyngeal endoderm; PNA, Peanut
Agglutinin Lectin; se/SE, surface ectoderm. Scale bar: 100 µm.
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Figure 3: Fgf expression at the completion of NC migration.
(A-D) Whole mount HH14 stage embryos with anterior facing to the right and
dorsal to the top of the page. (a-d) Corresponding 50 µm gelatin sections are indicated by
a black line on the whole mount images. (A, B) Weak Fgf3 and Fgf4 expression is
detected in the pharyngeal endoderm lip (arrowed a, b), whereas strong Fgf8 and Fgf19
(C, D) endoderm expression is observed (arrowed, c, d), with Fgf8 also expressed in the
adjacent surface ectoderm at the groove of the pharyngeal arch (asterisk). Abbreviations:
A, anterior; D, dorsal; nt, neural tube; pe, pharyngeal endoderm; oc, otic cup; ov, otic
vesicle; se, surface ectoderm. Scale bars: (A-D) 100 µm, (a-d) 100 µm.
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Figure 4: Fgf expression in during specification of pre-chondrogenic identity.
(A-D) HH18/19 stage embryos, with the head to the right and dorsal towards the
top of the page. The black line indicates the level of the corresponding transverse 50 µm
gelatin sections (a-d). (A) Fgf3 is expressed in the pharyngeal endoderm in the 1st pouch
(arrowed). (a) The section is through the endoderm at the anterior of the 3rd arch. (B, b)
Fgf8 and (C, c) Fgf19 are expressed in the proximal anterior region of the 2nd arch
(arrowed) and the vestibuloacoustic ganglion. (D, d) Fgf4 expression is limited to the
posterior 2nd arch endoderm (arrowed). Scale bars: (A-D) 100 µm, (a-d) 100 µm.
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Figure 5: Fgf19 expression in the ear region.
(A-H) HH8-14 embryos with rostral towards the top of the page and (a-h)
corresponding transverse 50 µm gelatin sections. The black line on the whole mount
indicates the level of the section. (A) Initial Fgf19 expression is in the mesoderm and is
weakly expressed in the ventral neural folds, but not the pharyngeal endoderm
(arrowhead). (B, C) At HH9, expression is detectable in the future pouch endoderm. (DF) Expression is particularly noticeable in the fold of the pharyngeal endoderm
(arrowed). (G, g) As NC cells migrate into the 2nd arch the cells are exposed to Fgf19
signaling in the endoderm. A second region of Fgf19 expression is detected at level of the
4th arch from HH12. (H) At the conclusion of NC migration Fgf19 expression is directly
subjacent to the putative columella mesenchyme population. Scale bars: (A-D) 100 µm,
(a-d) 100 µm.
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Figure 6: The role of FGF signaling in inducing Sox9 in the mesenchyme.
The graph shows the number and percentage of explants that tested positive for
Sox9. The tissues included in each graph are listed on the horizontal axis. (A)
Mesenchyme and pharyngeal endoderm cultured for 24 hours with SU5402 soaked beads
failed to express Sox9, whereas Sox9 expression was unaffected by addition of PBS
control beads. (B) In the converse experiment adding FGF8 or FGF19 soaked beads to
mesenchyme alone, induced Sox9 expression. PBS beads in control explants did not have
Sox9 expression. Scale bars: (A) 100 µm, (B) 100 µm.
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Figure 7: FGF and BMP signaling in initiation of the chondrogenic program.
The graph shows the number and percentage of explants that tested positive for
Sox9 and Col2a1. The tissues included in each graph are listed on the horizontal axis. (A)
Cultured HH14 mesenchyme expresses Sox9 when exposed to BMP4 alone, and in
combination with FGF8 soaked beads, but not FGF8 beads alone at E6. (B) Mesenchyme
in the presence of pharyngeal endoderm, but not alone, strongly expresses Col2a1 at E8.
(C) Neither FGF8 or FGF19 protein soaked beads is sufficient for Col2a1 expression.
BMP4 is a weak inducer of Col2a1. Only when BMP4 and FGF8 are combined does
mesenchyme tissue express Col2a1at E8. (D) By HH19, mesenchyme explanted in
isolation expresses Col2a1 and is unaffected by the presence of FGF8 or BMP4. (E)

98

Col2a1 is expressed throughout the mesenchyme in tissue isolated at HH24. Scale bars:
(A, B) 100 µm, (C-E) 100 µm.
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Table 1: Sox9 expression at E6 in explanted tissues.

Exp
#
1

2

3

4

5
6
7

Explants
Mesenchyme
+ PE
Mesenchyme
alone
Mesenchyme
+ PE
Mesenchyme
alone
Mesenchyme
+ PE
Mesenchyme
alone
Arch 2 slice PE
Arch 2 slice +
PE
Mesenchyme
+ otic vesicle
Mesenchyme
+ otic vesicle
Mesenchyme
+ surface
ectoderm

Explant Embryonic
# with
% with
Stage
Marker
stage
Day
expression expression
harvested
HH14

E2

36/36

100%

Sox9

E6

HH14

E2

4/26

15.4%

Sox9

E6

HH19

E3

3/4

75%

Sox9

E6

HH19

E3

3/3

100%

Sox9

E3

HH24

E4

8/8

100%

Sox9

E6

HH24

E4

8/8

100%

Sox9

E6

HH14

E2

10/10

100%

Sox9

E6

HH14

E2

10/10

100%

Sox9

E6

HH14

E2

13/13

100%

PNA

E6

HH14

E2

16/16

100%

Sox9

E6

HH14

E2

5/20

25%

Sox9

E6

Abbreviations: PE, pharyngeal endoderm.
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Table 2: Induction of Sox9 in explanted tissues.

Exp
#
8

9

Explants
Mesenchyme
+ PE +
SU5402 bead
Mesenchyme
+ PE + PBS
bead
Mesenchyme
+ FGF8 bead
Mesenchyme
+ FGF19
bead
Mesenchyme
+ PBS bead

Explant Embryonic
# with
% with
Stage
Marker
stage
day
expression expression
harvested
HH14

E2

2/24

8.3%

Sox9

+ 24 hrs

HH14

E2

10/12

83.3%

Sox9

+ 24 hrs

HH14

E2

5/5

100%

Sox9

+ 24 hrs

HH14

E2

6/8

75%

Sox9

+ 24 hrs

HH14

E2

1/7

14.3%

Sox9

+ 24 hrs

Abbreviations: PBS, phosphate buffered saline; PE, pharyngeal endoderm.

101

Table 3: Initiation of the chondrogenic program in explants.

Exp
#

Explant Embryonic
# with
% with
stage
day
expression expression
Mesenchyme
E2
10
HH14
1/8
12.5%
+ FGF8 bead
Mesenchyme
E2
+ BMP4
HH14
8/10
80%
bead
Mesenchyme
E2
+ FGF8 bead HH14
4/6
66.7%
+BMP4 bead
Mesenchyme
E2
11
HH14
12/12
100%
+ PE
Mesenchyme
E2
HH14
0/6
0%
alone
Mesenchyme
E2
12
HH14
0/6
0%
+ FGF8 bead
Mesenchyme
E2
+ FGF19
HH14
0/5
0%
bead
Mesenchyme
E2
13 + BMP4
HH14
2/10
20%
bead
Mesenchyme
E2
+ FGF8 bead HH14
5/7
71.4%
+BMP4 bead
Mesenchyme
E3
14
HH19
7/8
87.5%
alone
Mesenchyme
E3
HH19
6/7
85.7%
+ FGF8 bead
Mesenchyme
E3
+ BMP4
HH19
7/7
100%
bead
Mesenchyme
E4
15
HH24
6/6
100%
alone
Explants

Marker

Stage
harvested

Sox9

E6

Sox9

E6

Sox9

E6

Col2a1

E8

Col2a1

E8

Col2a1

E8

Col2a1

E8

Col2a1

E8

Col2a1

E8

Col2a1

E8

Col2a1

E8

Col2a1

E8

Col2a1

E8

Abbreviations: BMP, Bone Morphogenetic Protein; FGF, Fibroblast Growth Factor; PBS,
phosphate buffered saline; PE, pharyngeal endoderm.
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Highlights
•

Cloning and gene expression analysis of Fgf5, 6 and 7 in chick

•

Fgf5 is expressed in the otic placode at early stages of development

•

Fgf6 and 7 are broadly expressed in mesoderm tissues

•

FGF5, 6 and 7 are highly conserved between chick, human and mouse
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Abstract
FGFs1 with similar sequences can play different roles depending on the model
organisms examined. Determining these roles requires knowledge of spatio-temporal Fgf
gene expression patterns. In this study, we report the cloning of chick Fgf5, 6 and 7, and
examine their gene expression patterns by whole mount in situ hybridization. We show
that Fgf5’s spatio-temporally restricted expression pattern indicates a potentially novel
role during inner ear development. Fgf6 and Fgf7, although belonging to different
subfamilies with diverged sequences, are expressed in similar patterns within the
mesoderm. Alignment of protein sequences and phylogenetic analysis demonstrate that
FGF5 and FGF6 are highly conserved between chick, human, mouse and zebrafish. FGF7
is similarly conserved except for the zebrafish, which has considerably diverged.

1

Abbreviations: FGF/Fgf, Fibroblast Growth Factor; FGFR, FGF receptor; ISH, in situ
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1. Introduction

Fibroblast Growth Factor (FGF) signaling is required for cell migration,
proliferation and differentiation during embryonic development (Itoh and Ornitz, 2008).
FGFs bind to FGF receptors (FGFR) and heparan sulfate oligosaccharides to activate
signal transduction in target cells. FGF signaling is regulated by the amount of FGF
ligand available and by the regionally restricted expression of FGFs and FGF receptors
(FGFR). The specificity of FGFs is further enhanced by the presence of tissue specific
modifications in the heparan chains (Ornitz and Marie, 2002). Alternative splicing of the
FGFR mRNA results in generation of specific isoforms. The isoforms are tissue specific,
as the b-isoform is generated in epithelial cells and c-isoform in mesenchymal cells
(Ornitz and Marie, 2002). FGFs serve as mitogens and mediators of cellular
differentiation for many ectoderm and mesoderm derived cells, such as fibroblasts,
chondrocytes, smooth muscle cells and vascular endothelial cells (Goldfarb, 1990). All
FGFs contain a highly conserved 28 amino acid core region (Ornitz, 2000), and 22 FGFs
in various vertebrate species, including human, mouse and chick, have been reported.
Due to duplication within the zebrafish genome, multiple copies of Fgf genes have arisen,
often with divergent roles (Itoh, 2007; Itoh and Ornitz, 2008).

FGF signals across epithelial-mesenchymal boundaries play key roles in induction
and patterning of adjacent tissues. Craniofacial development requires FGF signaling, with
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restricted expression in the nasal and midfacial tissues, suggesting that FGFs play a role
in patterning these structures (Bachler and Neubuser, 2001). FGFs are also required for
otic placode induction, patterning and differentiation of the otic vesicle, cochlea,
vestibular system, and the endolymphatic organ (Schimmang, 2007). The pharyngeal
arches and subdivisions of the brain show regionalized expression patterns (Lunn et al.,
2007). Somitic mesoderm, pharyngeal endoderm and limb bud mesoderm all required
FGF signaling (Alvarez et al., 2003; Couly et al., 2002; Schimmang, 2007; Trokovic et
al., 2005).

As a first step in understanding the role of FGFs during development it is essential
to determine the gene expression patterns of Fgf family members in the developing
embryo. Although many FGFs can act redundantly, some that show similarity in their
spatio-temporal gene expression are not necessarily functionally redundant. A further
complication is that the roles of FGFs with similar sequence can differ in their spatiotemporal expression patterns and mechanism of action between species. For example,
Fgf3 and Fgf8 are expressed in rhombomere 4 (hindbrain) in the zebrafish embryo and
both are required for otic induction (Leger and Brand, 2002; Phillips et al., 2001). In
mouse, Fgf3 is expressed in the neuroectoderm, whereas Fgf10 is expressed in the head
mesenchyme, but both are required for otic induction (Wright and Mansour, 2003). In
chick, Fgf19, expressed in the cephalic paraxial mesoderm, and Wnt8c and Fgf3,
expressed in the hindbrain, are required for otic induction (Ladher et al., 2005). Fgf15 is
the murine homolog of chick Fgf19. Mouse FGF15 and chick FGF19 share very low
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sequence conservation (32.1%) (Wright et al., 2004), yet they share similar expression
domains in some tissues such as the primitive streak, pharyngeal pouches and tail bud.
However, Fgf15 is not expressed in the mesoderm underlying the otic placode and, unlike
chick FGF19, mouse FGF15 is not required for otic induction (Wright et al., 2004).

In this study, we report the cloning and expression analysis of chick Fgf5, 6 and 7
during early development. Targeted fragments of Fgf5, 6 and 7 were used to make
riboprobes with the least overlap to FGF family members for in situ hybridization (ISH)
analysis during early embryogenesis. Non-consensus probes were used to reduce
potential cross-reaction between Fgf family members. Our results show regionally
restricted spatio-temporal expression patterns. Fgf5 has a novel expression domain in the
nascent otic placode, which bears further investigation. Fgf6 is expressed in the head
mesoderm and pharyngeal arches at early stages. Fgf7 is expressed in the head
mesoderm, but is excluded from the pharyngeal arches.
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2.

Results and Discussion

2.1.

Multiple Alignment and Phylogenetic analysis

The amino acid sequences of Fgf5, 6 and 7 were deduced from NCBI
(http://www.ncbi.nlm.nih.gov), and Ensembl (http://www.ensembl.org) database. The
four taxa chosen for the phylogenetic study were chick (gg- Gallus gallus), mouse (mmMus musculus), human (hs- Homo sapiens) and zebrafish (dr- Danio rerio).

Based on multiple alignment analysis, amino acid sequences of FGF5 and FGF6
were highly conserved between all four taxa studied (Fig.1A, B). In zebrafish FGF6a
corresponds to the FGF6 sequences in the other taxa. FGF5 and FGF7 are not duplicated
in the zebrafish. Although the amino acid sequence of FGF7 indicated high conservation
between chick, mouse and human (Fig. 1C), the zebrafish sequence has diverged,
suggesting a diverged role for FGF7 in the fish. Further, the amino acid sequences of all
three genes showed a higher percent similarity to their murine counterpart, as compared
to the human and zebrafish orthologs (Table 1).

A phylogenetic tree of the amino acid sequence of FGF5, 6 and 7 was generated by
the Maximum Likelihood (ML) method in the four taxa (bootstrap replicates, n = 1000)
(Fig. 2). The same tree topology was deduced by the Neighbor Joining (NJ) method
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(bootstrap replicates, n = 1000). Based on this analysis, FGF5 and FGF6 were more
closely related across different vertebrate classes and can be termed sister groups. FGF7
was an outgroup to both FGF5 and FGF6. For all three proteins, the human and mouse
orthologs were more closely related, forming sister clades. The chick orthologs serve as
an outgroup for both FGF5 and FGF7. Zebrafish FGF5 and FGF7 were evolutionarily
more distant, which corroborated well with the sequence alignment results. Chick and
zebrafish FGF6 can be termed sister clades, just as the mouse and human orthologs
constitute a sister clade for FGF5 and FGF7 (Fig. 2).

2.2. Chick FGF5, 6 and 7 bioinformatics analysis

As expected for FGF family members, the Conserved Domain Search Tool
(CDART) of NCBI revealed a FGF domain (cd00058), a receptor interaction site and a
heparin-binding site (glycine box) for FGF5, 6, and 7 (Fig. 1, hash tags). The PFAM
(FGF) domain was predicted to include amino acid residues 23-152 in FGF5, amino acid
residues 83-204 in FGF6 and amino acid residues 65-198 in FGF7. This shows that
FGF5, 6 and 7 all contain the conserved FGF domain.

Bioinformatic analyses were performed with Phobius and SignalP 3.0 servers. In
addition to Phobius, the Simple Modular Architecture Tool (SMART) from NCBI was
used to predict the membrane topology, signal peptides and transmembrane helices (Fig.
1). The Phobius and SMART programs predicted that FGF5 lacks membrane helices and
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consists of two low complexity segments from amino acid residues 1-14, and the other
from amino acid residues 170-183 (Fig. 1A). The SignalP 3.0 results predicted FGF5 to
be a non-secretory protein with low probability of having either a signal peptide or signal
anchor. On the other hand, the prediction indicated that FGF6 has a signal peptide region
(amino acids 1-37), a transmembrane domain (amino acid residues 21-41) and that the
remainder of the protein (amino acid residues 38-207) is non-cytoplasmic (Fig. 1B). The
signal peptide cleavage site lies between amino acid residues 37 and 38. It was predicted
that FGF7 has a cytoplasmic domain (amino acid residues 1-11), short transmembrane
domain (amino acid residues 12-31) and a non-cytoplasmic domain (amino acid residues
32-194) (Fig. 1C). The signal peptide region in FGF7 extends from amino acid residues
1-31. The SignalP 3.0 server also predicted a signal anchor for FGF7 and the signal
peptide cleavage site between amino acid residues 31and 32.

To determine the possible functions of FGF5, 6 and 7, the ExPASy proteomics
server, Prosite, was used to determine the various protein domains and functional sites.
FGF5 was predicted to contain a serine rich region (amino acid residues 1-14), a proline
rich region (amino acid residues 153-181), and an HBGF/FGF family domain (amino
acid residues 84-107) (Fig. 1A). Serine rich sequences are fairly common amongst
signaling proteins, although the functional role of these regions is not well understood.
These regions serve multiple functions, such as flexible linkers between protein domains,
mRNA splicing, or act as phosphorylation switches during signal transduction (Sim and
Creamer, 2002). In addition to their structural role in forming the correct conformation of
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the mature protein, the proline rich regions are crucial binding sites for different proteinprotein interactions (Williamson, 1994). It was predicted that FGF6 contains a
HBGF/FGF family domain from amino acid residues 144-167 (Fig. 1B), whereas in
FGF7 this domain was predicted to include amino acid residues 125-148 (Fig. 1C).
Further, a prokaryotic membrane lipoprotein attachment site (a post-translational
modification) was also predicted for FGF7 at amino acid 32 (not shown).

2.3. Fgf5 gene expression

In mammals FGF5 is a secreted glycoprotein and a member of the FGF4 subfamily
(FGF4, 5, 6) and signals via FGF receptors with specific affinities, shown here in
decreasing order of affinity - FGFR1c, 2c>3c, 4Δ (Zhang et al., 2006). Our
bioinformatics analysis predicts that chick FGF5 has a low probability of a signal peptide
or signal anchor in its sequence. Therefore, we postulate that chick FGF5 is secreted via
the non-classical secretory mechanism similar to FGF2 (Backhaus et al., 2004). Fgf5 is
expressed in numerous mouse tissues over the course of development, including the
endoderm, lateral plate mesoderm, skeletal muscle precursors, limb mesenchyme and
cranial acoustic ganglion (Haub and Goldfarb, 1991). It is also expressed in the midbrain,
dorsal cerebellum and pons, acoustic and dorsal root ganglia, muscle tissue, and the adult
brain (Yaylaoglu et al., 2005). Human FGF5 injected into chick embryo limbs using a
viral vector increases proliferation of limb fibroblasts, expansion of the perichondrium
and connective tissue at the expense of skeletal muscle development (Clase et al., 2000).
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Using an extended range of Hamburger and Hamilton (Hamburger and Hamilton,
1951) stages (HH) 4-19 for the ISH analysis, the earliest we detected specific Fgf5
expression was at HH8 (Fig. 3A). The most notable feature of expression is that Fgf5 was
specifically expressed in the nascent otic placode around the time of induction. The otic
placode is a thickening of ectoderm in the hindbrain region that becomes morphologically
apparent at around HH9. Induction requires interactions between multiple FGF proteins
and WNT8c in the hindbrain, placode and underlying mesoderm (Ladher et al., 2005).
The placode invaginates forming an otic cup, which closes up to form the otic
vesicle/otocyst by HH17 (Ohyama et al., 2007). The otic vesicle gives rise to the entire
vestibuloacoustic apparatus, including mechanosensory, support, endolymph and
vestibulocochlear ganglion cells (Schlosser, 2010).

In our ISH analysis, between HH4 and HH8, low levels of widespread, nonspecific Fgf5 expression was detected within embryonic tissues of the area pellucida (not
shown). At HH8, a more specific pattern emerged, with expression in the nascent otic
placode region (Fig. 3A, arrowhead). In section, the neural tube, otic placode and
underlying pharyngeal endoderm were specifically labeled at this anterior-posterior level
(Fig. 3B). By HH9, expression was regionalized to the midbrain and the hindbrain region
corresponding to rhombomeres 2-6 (Fig. 3C). Sections revealed strong expression in the
neural tube, pharyngeal endoderm and otic placode as invagination begins (Fig. 3D, E).
By HH11, the expression was restricted to the dorsal neural tube at the level of the
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midbrain and the invaginating otic cup (Fig. 3F-H). By HH13, Fgf5 expression was
becoming more widespread, expanding into the head mesoderm in the rostral embryo
(Fig. 3I). This upregulation of expression was evident in section, at the level of the otic
vesicle (Fig. 3J). From HH15, expression was upregulated within the trunk mesoderm in
an anterior to posterior wave, becoming widely expressed throughout the embryonic
mesoderm (Fig. 3K). At HH18, the first hint of expression in the hindlimb bud
mesenchyme was noted (Fig. 3L, asterisk). Sections showed that expression was
restricted to the mesoderm and excluded from the neural tube, notochord, and eye tissue
(Fig. 3M). At the level of the 2nd arch the otic vesicle had a spot of expression in the
medial domain (Fig. 3N, arrowed). The widespread mesoderm expression in chick was
similar to that of the mouse at these early stages (Haub and Goldfarb, 1991).
Additionally, the chick Fgf5 expression pattern suggests a potentially novel role in
induction or regionalization of the otic placode.

2.4. Fgf6 gene expression

FGF6, another member of the FGF4 subfamily, has reported roles in mouse
myogenesis and is expressed in the somitic myotome and later in the skeletal muscle
tissues (Armand et al., 2006a). Fgf6 is also expressed in the mouth, tongue, pharyngeal
and neck muscles. Additionally, FGF6 is a regulator of bone metabolism (Armand et al.,
2006b; deLapeyriere et al., 1993; Han and Martin, 1993; Rescan, 1998). As a member of
the FGF4 subfamily, receptor affinity is the same as for FGF5 (Zhang et al., 2006).
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In situ hybridization analysis was conducted on whole mount chick embryos from
HH8-19. The earliest chick Fgf6 expression was detected in our in situ hybridization
analysis was HH14 (Fig. 4A). Expression was detected in the pharyngeal and visceral
endoderm, with transcripts also in the adjacent trunk and head mesoderm (Fig. 4A-E). At
all stages examined the neural tube, notochord, surface ectoderm, otic vesicle (Fig. 4E, J,
O) and eyes (Fig. 4G, L) were negative for expression. At HH17, expression was
upregulated in the head, pharyngeal arch and foregut mesoderm, with weak expression
detected in the posterior embryo (Fig. 4F-H). By HH19, strong hindgut and visceral
mesoderm expression was detected in the posterior embryo (Fig. 4K-M). Thus, during
early development Fgf6 is widely expressed in head, pharyngeal and visceral mesoderm.
Our expression analysis is broadly in line with that reported in the mouse (deLapeyriere
et al., 1993).

2.5. Fgf7 gene expression

FGF7, together with FGF10 and FGF22 composes the FGF7 subfamily. FGF7 is mainly
transduced through FGFR2b, and less so through FGFR1b (Zhang et al., 2006). FGF7,
also known as Keratinocyte Growth Factor (KGF), is an epithelial mitogen that acts as a
diffusible mediator. FGF7 is mainly expressed in mesoderm tissues and acts via FGF
receptors in epithelial tissue in a classical epithelial mesenchymal interaction (Finch and
Rubin, 2004a; Mason et al., 1994; Post et al., 1996). For example, mouse Fgf7 is
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expressed during lung development in the mesenchyme and FGFR2b, its receptor, is
located in the adjacent airway epithelium (Post et al., 1996). Fgf7 is expressed in multiple
tissues during mouse development (Finch et al., 1995; Mason et al., 1994), including the
mesenchyme surrounding the mouse mammary bud (Mailleux et al., 2002), and has roles
in branching and morphogenesis of hepatic and submandibular glands (Hoffman et al.,
2002; Steinberg et al., 2005).

Functional studies using recombinant human protein show proliferation,
migration and differentiation roles for FGF7, especially following skin and mucosal
tissue injury (Finch and Rubin, 2004b). FGF7 also induces an Apical Ectodermal Ridge
(AER) in competent tissue (Yonei-Tamura et al., 1999). Application of FGF7
recombinant protein mimics the action of all FGFR2 binding proteins. However, it must
be noted that these studies are not necessarily an indication of the endogenous role of
FGF7. The mouse FGF10 knockout, which shows failure of lung development (Sekine et
al., 1999), supports this hypothesis. Loss of FGF10 is catastrophic for organs requiring
branching morphogenesis, such as the lungs, liver and pancreas. Endogenous FGF7 does
not act redundantly to rescue development, but can do so when added exogenously (Finch
and Rubin, 2004a). Nonetheless, these functional experiments demonstrate the
therapeutic potential of FGF7.

In chick, the only expression previously reported put Fgf7 expression in the
mesenchyme and smooth muscle of the gizzard at later stages, E6-E7 (Shin et al., 2003;
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Shin et al., 2005). In our study at early developmental stages, Fgf7 expression was first
detected in the mesoderm and pharyngeal endoderm at HH14 (Fig. 5A). We analyzed
younger embryos, from HH8-13, but no transcripts were detected. At HH16, expression
expanded into the head mesoderm and was restricted to pharyngeal endoderm (Fig. 5CE). By HH18, expression was more widespread in the head mesoderm and pharyngeal
endoderm (Fig. 5F-H). At HH19, expression was detected in more mesoderm tissue, with
the exception of the pharyngeal arches, which remained negative for transcripts (Fig. 5I,
J). Neural tube, eye and notochord (Fig. 5E, H, K) were negative for expression in all
stages tested, as was the otic vesicle (Fig. 5B, D, G, J). In the posterior embryo, the
hindgut and adjacent mesoderm, the trunk mesoderm and medial mesoderm of the hind
limb buds all had expression (Fig. 5L). Although superficially similar to Fgf6 expression,
our analysis reveals that there are subtle differences in spatiotemporal expression patterns
between Fgf6 and Fgf7.

2.6.

Conclusion

We have described the expression patterns of Fgf5, 6 and 7 during early embryogenesis
and performed bioinformatics analysis. The regionally restricted expression of Fgf5 in the
inner ear is novel and requires further examination. Fgf6 and Fgf7 share similar
expression patterns, however, their roles are separated in mice and humans, with Fgf6
involved in myogenesis (Armand et al., 2006a) and Fgf7 having an important role as an
epithelial mitogen (Finch and Rubin, 2004a; Mason et al., 1994; Post et al., 1996). Since
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there are numerous Fgf genes with overlapping expression the availability of appropriate
receptors seems to be a critical factor (Trokovic et al., 2005). Although the receptor
affinities for FGF molecules have been reported for the mouse, they have not been
reported in the chick and it is, therefore, not clear if the affinities are comparable. A
recent detailed chick FGF receptor expression study provides some insight into
potentially important regions of ligand-receptor interaction (Nishita et al., 2011). For
example, FGF5 and FGF6 act mainly through FGFR1c and 2c, whereas FGF7 acts
through FGFR2b. At stage 9, FGFR1c and 2c are expressed in the neural tube, with Fgf5
expression in the neural tube; otic placode and adjacent pharyngeal endoderm, suggesting
that active signaling may be taking place in the region of the otic placode. No Fgf6 or
Fgf7 expression is detected until HH14. At stage 13, however, FGFR1c and 2c are
detected along the length of the neural tube with differential expression in the
diencephalon and optic cups. FGFR2b, the main receptor for FGF7 is restricted to the
thyroid rudiment. Taken together these data support a model in which the receptors and
specific receptor affinities act to ensure tissue specific signaling between multiple,
overlapping Fgf gene expression patterns.
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3. Experimental procedures

3.1 Isolation and cloning of Fgf5, 6 and 7

In order to clone the chick orthologs of Fgf5, 6 and 7, we used sequence specific
nested primers for each of the genes designed according to the chick reference sequences
(www.ensemble.org) (Table 2). Nested primers for each gene were used to ensure that
other FGF family members were not simultaneously amplified. Expected sequences were
checked against full-length Fgf family members to ensure they had the minimum overlap
and would not recognize family members during ISH analysis. Fgf5 cDNA was obtained
from the total RNA isolated from the limbs of E7 Bovan Brown x Rhode Island Red
chick embryos (Morgan Poultry Center, Clemson University) by reverse transcription
PCR (RT-PCR). Fgf6 and Fgf7 cDNA was obtained from total RNA isolated from the
trunk region of the HH21 embryos. Reverse transcription was carried out for 45 min at
45ºC using a reverse transcription kit (Promega, A1260), followed by PCR amplification
using 1 cycle of 94ºC for 2 min, 30 cycles of 94ºC, 59ºC and 68ºC for 1 min each, and a
final extension cycle of 68ºC for 7 min. The amplified product was cloned into the PCRII
TOPO vector (Invitrogen) and sequenced at the Clemson University Genomics Institute.
Clone fragments were obtained for Fgf5 (base pairs 162-500, ENSGALG00000010893)
Fgf6 (base pairs 106-402, ENSGALG00000017287) and Fgf7 (base pairs 377-601,
ENSGALG00000005671). Probes using the entire fragment were made as follows: a
linearized fragment of Fgf5 was made by PCR using M13 Forward and Reverse primers
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and transcribed with T7. Fgf6 and Fgf7 were linearized with HindIII and transcribed with
T7.

3.2. Embryos and in situ hybridization analysis

Fertile chicken eggs from Bovan Brown x Rhode Island Red mating were
incubated to the desired stages at 38.5 °C in a humidified forced air incubator. Staging
was done according to the normal table of Hamburger and Hamilton (Hamburger and
Hamilton, 1951). ISH was performed as previously described (Chapman et al., 2002). No
signal was observed using the control sense probes.

3.3. Image analysis

After color visualization and fixation in 4% paraformaldehyde (PFA) the
processed embryos were cleared in 80% glycerol/phosphate buffered saline (PBS) and
photographed in whole mount. Embryos were rinsed several times in PBS and embedded
in 20% gelatin/PBS and fixed in 4% PFA/PBS for a minimum of three days before
sectioning. Embryos were sectioned at 50 µm using a Leica vibratome, mounted in 80%
glycerol/PBS and coverslipped. Images were obtained using a Nikon SMZ1500
stereomicroscope or Q-Imaging 5MPV camera. Images were edited with Adobe
Photoshop CS4.
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3.4. Methods of sequence analysis

The amino acid sequences of FGF5, 6 and 7 for the four taxa were obtained from
the NCBI or Ensembl database as follows: FGF5 - chick (Ensembl ID:
ENSGALP00000017695), mouse (GenBank ID: AAH71227), human (GenBank ID:
AAB06463), zebrafish (GenBank ID: BAD69616); FGF6 - chick
(ENSGALP00000027889), mouse (GenBank ID: AAA62261), human (GenBank ID:
EAW88847), zebrafish (FGF6a) (GenBank ID: AAO15997); FGF7 - chick (GenBank ID
: NP_001012543), mouse (GenBank ID: AAH52847), human (GenBank ID: AAA63210)
and zebrafish (GenBank ID: BAD69716.1).

Multiple sequence alignments were performed using the MUSCLE algorithm in
the SeaView 4.1.12 program (http://pbil.univ-lyon1.fr/software/seaview.html) (Gouy et
al., 2010). The 60% threshold value was used to generate the consensus sequence among
the four taxa for all the three genes with no gaps allowed. The LALIGN program
(http://www.ebi.ac.uk/Tools/psa/lalign) was used to determine the percent identity
between nucleotide and protein sequences of chick Fgf5, 6 and 7 with the mouse, human
and zebrafish orthologs. The LALIGN program used the Smith-Waterman algorithm
with Blosum50 as the scoring matrix for the protein sequences (Huang and Miller, 1991).

Phylogenetic analysis was performed using the Maximum Likelihood (ML) and
Neighborhood Joining (NJ) approaches using the SeaView 4.1.12 program. For the ML
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approach, the tree was constructed using the PhyML program with the LG model of
amino acid substitution. The presence of invariable sites and site rate variation were
optimized, and the most likely tree was searched using best of Nearest-Neighbor
Interchange (NNI) and Subtree Pruning and Regrafting (SPR) option. For the NJ method,
the distance tree was constructed using the Poisson distance and the BioNJ tree-building
algorithm. The confidence of each node was assessed by 1000 bootstrap replicates for
each approach. The Prosite (http://expasy.org/prosite and
http://expasy.org/tools/scanprosite) database was used to determine the different protein
domains, families and functional sites. The Prosite search used the UniProt, SwissProt
and PDB databases. Patterns with a high probability of occurrence were included and no
filters were used to identify the different domains. Conserved Domains Search Tool
(CDART, http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and Simple Modular
Architecture Tool (SMART, http://smart.embl-heidelberg.de) were used to identify
PFAM domains, internal repeats and conserved FGF domains. The potential signal
peptides were predicted using the Phobius (http://phobius.sbc.su.se) and SignalP 3.0
server (http://www.cbs.dtu.dk/services/SignalP-3.0) and using the Neural Network (NN)
and Hidden Markov Model (HMM) prediction.
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Figure 1: Multiple sequence alignments
Amino acid sequence alignment of chick FGF5 (A), FGF6 (B) and FGF7 (C) with their
vertebrate orthologs using the MUSCLE algorithm. Amino acid sequences of chick (ggGallus gallus), mouse (mm- Mus musculus), human (hs- Homo sapiens) and zebrafish
(dr- Danio rerio) are shown. The sequences were obtained from Ensembl
(http://www.ensembl.org) and NCBI database (http://www.ncbi.nlm.nih.gov). The
conserved amino acids (with 60% threshold) are shown below the alignment. Sequences
with 100% similarity are shown in yellow followed by the highly similar sequences
shown in pink. Unmarked regions indicate low or no similarity. The horizontal blue line
indicates the predicted signal peptide sequence and the vertical blue line indicates
predicted signal peptide cleavage sites and the pink line predicted transmembrane
domains in each alignment. Red lines indicated the conserved HBGF/FGF domains. In
FGF5, the green horizontal line indicates the serine rich region and the black line
indicates the proline rich region. Hash marks indicate heparin-binding sites. All sites are
marked with respect to the gallus sequence.
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Figure 2: Phylogenetic tree
Phylogenetic tree of FGF5, 6 and 7 generated by the Maximum likelihood (ML) method
for the four taxa; chick (gg- Gallus gallus), mouse (mm- Mus musculus), human (hsHomo sapiens) and zebrafish (dr- Danio rerio). The same tree topology is supported by
the neighbor joining (NJ) method. Figures at the nodes are the bootstrap values
supporting each node (n =1000 for ML and n =100 for NJ, in italics). Each of the clades
is highlighted in a different color.
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Figure 3: Expression analysis of chick Fgf5 during early development
Fgf5 expression from stages HH8-18. (A-N). Transverse gelatin sections, 50 µm. White
arrowheads indicate otic tissues. (A, B) HH8 embryos had widespread Fgf5 expression in
the neuroectoderm, with more specific expression in the region of the nascent otic
placode (black arrowhead). (B) Neural tube, otic placode and pharyngeal endoderm
expression was detected in sections. (C, D) HH9 had specific midbrain and hindbrain
Fgf5 expression. (E) At this level the otic placode and dorsal neural tube were labeled.
(F, G) At HH11, the invaginating otic cup continued to express Fgf5. (H) A dorsal view
of the hindbrain region showing otic expression. (I, J) Fgf5 expression expanded at
HH13, with neural tube, notochord, mesenchyme, pharyngeal endoderm and distal
pharyngeal arches (asterisk) all exhibiting upregulated expression levels. (K) At HH15,
Fgf5 expression was becoming widespread within the mesoderm and appearing more
posteriorly. (L) By HH18, mesoderm expression extended from anterior to posterior. (M)
In section, at the level of the eyes, the mesoderm is labeled, but neuroectoderm, eyes and
notochord are negative for expression. (N) At the level of the 2nd arch the only otic
expression was in a medial spot (arrowed). Abbreviations; e, eye; nc, notochord; nt,
neural tube; lb, limb bud; oc, otic cup; op, otic placode; ov, otic vesicle; pa, pharyngeal
arches; pe, pharyngeal endoderm. Scale bars: K, whole mount embryos 200 µm; B,
sections 100 µm.
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Figure 4: Expression of chick Fgf6 during early development
Fgf6 expression between HH14-19. Gelatin sections, 50 µm. The otic vesicle is indicated
by a white arrowhead in all cases. White lines on whole mounts indicate level and
orientation of section. (A) Fgf6 expression is first detected at HH14 in the hindbrain
mesoderm. (B) Expression is induced rostrally to the level of Rathke’s pouch and is
observed in the visceral mesoderm and pharyngeal arch mesoderm. (C) A magnified
view of the hindbrain at HH15. (D, E) Sections at the level of the foregut and 2nd arch
show foregut endoderm and mesoderm labeling. The otic vesicle is negative. (F) At
HH17, expression continues to upregulate in the head mesoderm and weak expression in
the posterior embryo is detected. (G, H) The eye, neural tube and notochord are negative
for expression. The head mesoderm, foregut and surrounding mesoderm are labeled. (I)
In the magnified region of the hindbrain there is extensive mesoderm labeling. (J) In
section, the head mesoderm and pharyngeal endoderm are labeled, with the neural tube,
otic vesicle, notochord and surface ectoderm negative for expression. (K-O) At HH19,
expression is maintained, with hindgut expression in the posterior embryo. The limb buds
are negative for expression. Abbreviations: e, eye; fg, foregut; hg, hindgut; n, notochord;
nt, neural tube; ov, otic vesicle; pa, pharyngeal arch; pe, pharyngeal endoderm. Scale
bars: A, whole mounts 200 µm; D, sections 100 µm; C, magnified images 500 µm.
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Figure 5: Fgf7 expression during early stages of chick development
Fgf7 expression between HH14-19. Gelatin sections, 50 µm. The otic vesicle is indicated
by a white arrowhead in whole mount embryos. White lines indicate level of section and
orientation. (A, B) No expression is detected before HH14, when expression in visceral
endoderm and surrounding mesoderm. (C-E) At HH16, expression extends rostrally into
head mesoderm and is only weakly expressed in pharyngeal endoderm. (F-H) At HH18,
expression expands into surrounding mesoderm, but is excluded from the neural tube,
eye, otic vesicle and surface ectoderm. The pharyngeal arches are all negative for
expression. (I) At HH19, mesoderm expression expand toward the posterior. (J, K)
Expression continues as for HH18. (L) In the posterior embryo the trunk, hindgut and
limb bud mesoderm all have Fgf7 expression. The neural tube, notochord and surface
ectoderm are all negative for expression. Abbreviations: e, eye; hg, hindgut; n, notochord;
nt, neural tube; ov, otic vesicle; pa, pharyngeal arch; pe, pharyngeal endoderm. Scale
bars: A, whole mounts 200 µm; D, sections 100 µm.

139

Table 1: Percentage identity between DNA and protein sequences of chick
compared to mouse, human and zebrafish sequences.

Mouse Human Zebrafish
Chick Fgf5

69.7%

66.5%

61.1%

Chick FGF5 70.0%

66.8%

62.0%

Chick Fgf6

64.8%

64.9%

69.7%

Chick FGF6 70.2%

66.8%

69.4%

Chick Fgf7

81.6%

84.7%

60.7%

Chick FGF7 83.0%

79.9%

58.5%
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Table 2: Nested primer sets for cloning of Fgf5, 6 and 7.

Fgf5
Fgf6
Fgf7

Outer set
Inner set
Outer set
Inner set
Outer set
Inner set

Forward primer (5’-3’)

Reverse primer (5’-3’)

TCCGCGCCTTCATCCTCC
CAGCGTCCTGGAAATCTTTGCTGT
TCAACACACCCAGCTGTAAGCAGA
ACACACCCAGCTGTAAGCAGAAGT
TCATGAACACCCAGAACACTGCAC
AACAGTGGCAGTTGGAATAGTGGC

CTACCCAAAGCGAAACTTTAGCCG
ACAGTGAAAGCCAACTGGGATGGT
ACGAAGAGAGCACTTTCCACACCA
GCACTTTCCACACCAAACAGGCTT
ACCCTTCATGGGAACACCTTTGTG
CCTTCATGGGAACACCTTTGTGGT
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CHAPTER 6
DISCUSSION

This focus of this study was to investigate the role of pharyngeal endoderm, FGF
and BMP signaling in the specification of prechondrogenic identity and initiation of the
chondrogenic program in the cranial neural crest derived second arch mesenchyme
(Chapter 4). In addition, this study reported the cloning and gene expression patterns of
three novel Fgf genes – Fgf5, 6 and 7 during early chick development (Chapter 5). The
expression patterns of Fgf5 and 6 have been reported in mouse but have not been
analyzed in chick. The spatiotemporal expression patterns of these genes are essential to
understand the functional roles of these uncharacterized genes.

6.1 Specification of neural crest derived mesenchyme
The developmental mechanisms, which result in the morphogenesis and
patterning of the skeletal structures of the craniofacial region are very complex. The
segmentation of the hindbrain and expression of specific Hox genes is one of the early
steps in the patterning of the facial skeletal elements. The neural crest cells from these
segmented regions of the hindbrain migrate into specific pharyngeal arches and local
signals from the surrounding tissues induce specification and patterning of skeletal
elements.
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6.1.1 Role of endoderm in development of pharyngeal skeletal structures
Implantation of endodermal grafts in addition to the endogenous endoderm in host
embryos result in formation of supernumerary skeletal elements (Couly et al., 2002);
(Ruhin et al., 2003). However, in this study, the ablation and implantation of endoderm
was performed at an early developmental stage (HH6-9), prior to neural crest migration.
The analysis for skeletogenesis was performed at late stages of development in order to
determine the effect on the entire skeleton (Couly et al., 2002); (Ruhin et al., 2003).
Further, ablation of specific regions of the endoderm prior to neural crest
migration in ovo resulted in the absence of skeletal elements (Creuzet et al., 2005). This
failure to form skeletal elements was attributed to the absence of local signaling cues
originating from the pharyngeal endoderm (Fig. 1) (Creuzet et al., 2005). This study
suggests that pharyngeal endoderm is required for the formation of skeletal elements in
the pharyngeal arch region but the mechanism of this failure remained unknown. The role
of pharyngeal endoderm at intermediate steps of skeletogenesis – specification and
condensation of mesenchymal cells and the initiation of the chondrogenic program in
these cells was not addressed.
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Figure 1: Current model to demonstrate the role of pharyngeal endoderm in the
development of skeletal elements. Ablation of specific regions of the pharyngeal
endoderm (yellow) resulted in the loss of specific skeletal elements (dotted line).
(Image from Cruezet et al., 2005).

However, the removal of endoderm prior to neural crest migration may also result
in abnormal migration and localization of the neural crest cells due to absence of local
endodermal signals. The above rationale is supported by the analysis of zebrafish
casanova and van gogh mutants, which lack endoderm (Piotrowski and Nusslein-
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Volhard, 2000); (David et al., 2002). In these mutants, neural crest cells fail to enter the
arches in the absence of pharyngeal endoderm, cluster in disorganized masses and lose
the markers of prechondrogenic mesenchyme.

6.1.2 Significance of this study
The focus of this study was to determine the role of pharyngeal endoderm in two
key intermediate steps of skeletogenesis – specification of prechondrogenic identity and
initiation of the chondrogenic program, which lead to formation of skeletal elements
cranial neural crest derived mesenchyme. This study examined the role of pharyngeal
endoderm during skeletogenesis in post-migratory cranial neural crest derived
mesenchyme. Thus, the migration and localization of cranial neural crest cells was not
disrupted in our paradigm (Fig. 2).
Post migratory mesenchymal explants cultured in collagen were used to determine
the role of pharyngeal endoderm. This study shows that pharyngeal endoderm is
sufficient but not required to specify prechondrogenic identity and initiate the
chondrogenesis in the mesenchyme. Signals from other surrounding tissues can
compensate for the signals from the pharyngeal endoderm to induce prechondrogenic
identity in the mesenchyme. Thus, removal of pharyngeal endoderm resulted in loss of
prechondrogenic identity and failure to initiate the chondrogenic program, which leads to
failure to form the skeletal elements (Fig. 2).
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Figure 2: Refining the existing model of skeletogenesis in the pharyngeal arch region.
Ablation of pharyngeal endoderm in the post migratory neural crest derived mesenchyme
results in loss of local patterning cues from the endoderm, resulting in loss of
prechondrogenic identity and the mesenchyme fails to initiate the chondrogenic program.
This results in absence of skeletal elements in the pharyngeal region.

FGFs are known to play a role in development of craniofacial skeletal elements
(Cruezet et al., 2004). Cruezet and colleagues showed a strong reciprocal relationship
between the neural crest cells and Fgf8, which is expressed in the epithelium (ectoderm)
of the pharyngeal arches. FGF8 promotes survival, proliferation and imparts directional
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cues to the neural crest cells (Cruezet et al., 2004). Knockdown of Fgf8 expression in the
ectoderm resulted in failure of migration of neural crest cells into the arch, suggesting
that FGF8 is required for development of neural crest derived skeletal elements (Fig.3)
(Cruezet et al., 2004). However, the molecular signals required for specification,
condensation of mesenchyme and chondrogenesis and the role of FGF signaling in these
intermediate stages leading to formation of the skeletal elements in the arches remained
unclear.

Figure 3: Current model to demonstrate the relationship of cranial neural
crest derived mesenchyme and Fgf8 expressed in the pharyngeal arch
ectoderm.
(Adapted from Cruezet et al., 2004).

147

This study demonstrates that application of FGF receptor inhibitor SU5402 to
post migratory neural crest derived mesenchyme resulted in failure of induction of Sox9
expression and thus, prechondrogenic identity. These results show that FGF signaling is
required for specification of prechondrogenic identity in the neural crest derived
mesenchyme (Fig. 4). Further, application of FGF8 protein soaked beads to the neural
crest derived mesenchyme resulted in induction of Sox9, suggesting that FGF8 is
sufficient for induction of prechondrogenic identity in the mesenchyme. However, FGF8
signaling was not sufficient to maintain Sox9 expression and initiate the chondrogenic
program, marked by Col2a1 expression in the mesenchyme (Fig. 4). This failure to
maintain prechondrogenic identity and initiate the chondrogenesis by FGF signaling,
indicates the role of a second signal from the pharyngeal endoderm in the maintenance of
Sox9 expression and initiation of chondrogenic program. This study shows that although
BMP4 signaling is able to induce and maintain the Sox9 expression, BMP signaling alone
is unable to induce Col2a1 expression in the mesenchyme. However, a combination of
FGF and BMP signaling sufficient for initiating the chondrogenic program, marked by
Col2a1 expression and overt differentiation (Fig. 4).

148

Figure 4: Refining the existing model to elucidate the role of signaling
pathways in the skeletogenic program. FGF signaling is required to induce but
cannot maintain prechondrogenic identity in the mesenchyme. In contrast, BMP
signaling is sufficient to both induce and maintain prechondrogenic identity. The
initiation of chondrogenic program, however, requires a combination of FGF and
BMP signaling.

6.1.3 Conclusions
To summarize, the migrating neural crest cells do not possess all the information
to specify and pattern the cartilage elements of the facial skeleton. The pharyngeal
endoderm acts a source of signaling factors, which mediate interactions between the
endoderm and the adjacent cranial neural crest-derived mesenchyme to establish
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prechondrogenic identity and initiate chondrogenesis, which give rise to the facial
skeleton. The neural crest derived mesenchyme in all pharyngeal arches share a common
ground patterning program (Minoux et al., 2009). Also, many Fgfs (Fgf3, Fgf4) and Bmp
family members are expressed in the pharyngeal endoderm. This suggests that the
proposed FGF-BMP pathway in this study may hold true in the caudal arches as well.
Further, it is important to determine downstream effector molecules of the target genes in
order to identify and understand the functional gene regulatory network during epithelialmesenchymal interactions, leading to cellular differentiation and chondrogenesis in the
arch.

6.2 Cloning and gene expression patterns of Fgf5, 6 and 7 during early chick
development
6.2.1. Role of Fgf5, 6 and 7 in mouse embryogenesis
Fgf5 is expressed in endoderm, limb mesenchyme and different regions of the
embryonic and adult brain (Haub and Goldfarb, 1991); (Yaylaoglu et al., 2005). In the
limb, over expression of Fgf5 results in increased proliferation of fibroblasts and
expansion of perichondrium, suggesting that Fgf5 plays a role in patterning the
fibroblasts (Clase et al., 2005). Fgf6 is expressed in the myogenic lineage and is a known
regulator of bone metabolism (deLapeyriere et al., 1993); (Rescan, 1998); (Armand et al.,
2006). Fgf7 is an epithelial mitogen and is expressed in the mesenchyme. Fgf7 interacts
with FGFRs of the epithelium, suggesting its role in epithelial-mesenchymal interactions
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in different tissues such as lung, hepatic and mammary bud (Post et al., 1996);(Mailleux
et al., 2002); (Steinberg et al., 2005).

6.2.2 Significance of this study
This study reports the molecular cloning and gene expression patterns of Fgf5, 6
and 7 in chick. Fgf5 and 6 have not been reported or characterized in chick. Fgf5
expression in the developing otic vesicle, which gives rise to the inner ear, is novel. The
expression pattern of Fgf5 during these early stages indicates the role of Fgf5 in the
development and patterning of inner ear, which requires further investigation.

6.2.3 Conclusions
This study illustrates the expression patterns of three Fgfs – Fgf5, 6 and 7, which
have not been characterized in chick. The expression study serves as the first step to
determine new roles of these genes in the vertebrate development, in addition to their
function reported in during mouse embryogenesis.
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